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ABSTRACT 


Regulations of the U.S. Coast Guard (and some 
classification societies) and U.S. Navy are presented 
in detail and contrasted. Attention is dravn to the 
requirement for a minimum value of Charpy V-notch toughness 
in the HAZ. Is this too severe? There is some evidence 
to suggest that it might be, but there are many factors 
that must be addressed, and there is much uncertainty 
regarding them. 

some implications of notch toughness evaluation in 
weldments are the loading rate encountered, the three 
types of heat affected zones (HAZ), and the physical 
nature and orientation of HAZ cracks. The effects of 
these on weldment notch toughness tests are discussed. 

Tensile tests were conducted on fatigue-cracked test 
strips cut from welded steel plate. While Charpy V-notch 
tests showed a HAZ with lower notch toughness than base 
metal, the results of the strip tests showed that the 
HAZ performed the same as the base metal. It was also 
found that the presence of two opposed notches had the 
detrimental effect of raising transition temperature by 
80 degrees (F). 
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CHAPTER I 


INTRODUCTION 


Ewer since Che Calasvuropmic braeotemercectres in many 
Liberty ships during and after World War II, the importance 
of adequate notch toughness in weldments has been continual- 
ly emphasized. This emphasis is evident from the present 
existence of numerous standards and requirements for notch 
toughness, the aim of which is to minimize the occurrence 


of brittle fracture in actual service structures. 
APPROACHES TO NOTCH TOUGHNESS REQUIREMENTS 


Standards and requirements for notch toughness of 
weldments generally take more than one approach. For in- 
stance, direct notch toughness can be measured by means of 
a test on the metal, with some form of acceptance criterion 
established for that particular test. This is the primary 
approach which is taken. <A second approach is that the 
chemistry of the base plate and weld electrode can be re- 
stricted by the standard, and/or the mill practice speci- 
fied. A third approach Zs GO Pereremy specify certain 
parameters in the welding process such as heat input, pre- 
heat, and post-weld heat treatment in order to avoid brittle- 
ness. Yet danother method of protecting against fracture of 
a weldment is to perform non-destructive tests in order to 


detect defects. In practice, these approaches are combined. 


12 
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All of these methods of attack zero in on one basic 
facet, however: notch toughness. The whole point of spec- 
ifying chemical composition and/or mill practice is to 
achieve a certain level of notch toughness. Weld para- 
meter control is exercised for the same reason. And the 
critical size of a defect is dependent directly on the 
amount of notch toughness of ihe material in its vicinity. 
imerefore, the aim of performing notch toughness tests is 


seemingly self-evident. 
LACK OF BASIS FOR REQUIREMENTS 


However, those notch toughness tests for weldments 
that are currently called for by the standards and require- 
ments suffer from a lack of solid theoretical understanding 
of fracture processes in weldments (because of the contin- 
uing inadequate state of knowledge on the subject). So, 
without a solid theoretical basis, toughness tests have 
mmeeved from experience and are evaluated on the basis of - 
Mmeeeence. that is, if no service failures resulted from 
implementing a particular test procedure, then it is con- 
sidered satisfactory. Also, acceptance criteria, such as 
minimum allowable Charpy V-notch energies, for example, 
for a new steel are decided upon based on past experience 
with a similar steel. 


Such an approach leads to overkill (whereby the stan- 
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dards are too conservative) and inconsistency. Overkill 

is obvious because a standard which has resulted in no 
failures most likely gives a margin of safety that is much 
larger than necessary. The existence of overkill may have 
been the reason for some interesting inconsistencies. One 
of these is the allowance by some ship classification 
societies of lower notch toughness for submerged arc depos- 
ited weld metal versus covered electrode weld metal [1]. 
Another example is in the use of HY-80 by the U. S. Navy 

for submarine hulls. Charpy V-notch energy values for HY-80 
base plate are much more stringent than ase for the weld 
metal electrodes. Also, no consideration is given to 
specifically how much loss of Charpy V-notch toughness 
occurs in the heat affected zone (HAZ) in HY-80 weldments. 
As noted in reference [1], "The low notch toughness require- 
ments have been set in some cases because weld metals with 
higher notch toughness are not available at the present 
time, not because notch toughness is less important in the 


weld metal than in the base metal." 
HAZ TOUGHNESS REQUIREMENT 


Considering this, one's attention is drawn to the 
present standards that require the same Charpy V-notch 
toughness in the heat affected zone (HAZ) and weld metal 


as for the base plate. Are these examples of overkill? 
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Before attempting to answer this question, it is felt 
that details of ship weldment standards of some leading 
organizations should be presented. This will give perspec- 
tive to later discussions of notch toughness evaluation of 


weldments and the subsequent experimental test procedure. 





CHAPTER II 
DETAILS OF SOME WELDMENT 


NOTCH TOUGHNESS STANDARDS FOR SHIPS 


Men. U. S. COAST GUARD 


IT.A.1. GENERAL 


Strict requirements by the Coast Guard for the 
notch toughness of nonlmente is iemived almost entirely to 
service temperatures below O°F . The actual requirements 
are spelled out in part 54 of the publication entitled 
CG-115 [2] or Marine Engineering Regulations, Subchapter F. 
Subparts 54.05 and 54.25 are of interest here. They deal 
with toughness tests and steel types respectively. Differ- 
ent steels may be required to pass different toughness 
tests, and this in turn affects which test will be called 
for in weldment testing. There are two types of weldment 
tests that are used. First, the weld procedure qualification 
Meighness tests must be passed before any given weld proce- 
dure can be used on a ship. Then, as a means of testing 
the actual welds‘on a ship, weld production tests are also 


required. The paragraphs to follow will elaborate further. 
MieA.e. TOUGHNESS TESTS 


There are two types of toughness tests that are 
required most commonly for weldments (and base plate). 
These are the Charpy V-notch impact test (Appendix A.1) and 


* 
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the Drop Weight Test (DWT) (Appendix A.2). The acceptance 


criterion for the Charpy V-notch test is usually a minimum 
impact energy at a certain minimum temperature. The accep- 
tance criterion for the DWT is a no-break performance at a 
specified temperature; this ensures that the particular 
temperature is greater than nil ductility transition (NDT) 
temperature. 

There are provisions for special tests in the Coast 
Guard rules also. The Explosion Bulge Test (EBT) (Appendix 
A.3) is one example [3]. Another test that is becoming 
more widely used is the Dynamic Tear Test (DTT) (Appendix 
A.4) which is already an established test for Navy use. 
Also, it is possible that other tests, if given CG approval, 


may) Oe utilized. 
Me. 5s. OLEEL TYPES 


The reason for detailing the categories of steels 
in the CG requirements is that the type of toughness test 
called for depends on the type of steel being welded. There 
are four categories of steels listed in CG= tae. 

FERRITIC STEELS (turn to Appendix B.1) 

These steels are described in the appendix and 


comprise the biggest category. There has been much 


* These same categories are used in the ASME Boiler and 
Pressure Vessel Code, Section VIII. 
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experience with them; in fact, it is for them that the 
firmest Charpy V-notch acceptance criteria have been estab- 
lished. The impact energy for ferritic steels at service 
temperatures between -70°F and O°F is 30 ft-lbs minimum 
for full-sized Charpy specimens. For ferritic steels below 
-70°F (mainly A-203 Ni steels), the minimum impact energy 
is 25 ft-lbs for a full-sized specimen. 

HIGH ALLOY STEELS (turn to Appendix B.2) 

These are predominantly austenitic stainless steels. 
A wide temperature range is covered. The notch toughness 
requirements for these materials generally consist of 
DWT ts instead of Charpy tests. 

| FERRITIC STEELS WITH PROPERTIES ENHANCED BY HEAT 
TREATMENT (turn to Appendix B.3) 

As stated in the appendix, Charpy lateral expan- 
sion Peeher than impact energy is used as the acceptance 
criteria. This is very similar to the corresponding cate- 
gory in the ASME Code (UHT-5(c), UHT-6(a), (4) and (5)). 

QUENCHED AND TEMPERED STEELS (turn to Appendix B.4) 

Because the notch toughness of welded quenched and 
tempered steels can be controlled significantly by con- 
trolling the welding heat input (and other welding para- 
meters), notch toughness tests are not always required for 
them [4]. However, when testing is called for, the EBT [3] 


is used for these steels as noted in the appendix. 





We 


HUbGwottbbor( turn to Appendix B.5) 

Pieceavove sveels, which are listed in ©CG-115, are 
prescribed for use in pressure vessels and primary and 
secondary barriers. But the notch toughness test require- 
ments listed in this publication are applicable to some 
hull steel applications [5] also, as detailed in Appendix 
B.5. Generally speaking, for service temperatures below 
O°F , notch toughness testing (Charpy) is required for 


hull steel weldments. 
feo. 4. = WELDMENT TESTS 


As stated above, weldment toughness testing is of 
two types, welding procedure qualification tests and pro- 
duction weldmemr tests. 

PROCEDURE QUALIFICATION TEST 

CG-115 calls for the same toughness test for weld 
procedure qualification as that required for the base metal. 
Plate, for which Charpy testing is required and minimum 
energy values specified, shall also have Charpy tests con- 
Slecveo for approving a weld procedure where the given mater- 
jal is to be used. A most important facet of this require- 
ment is the stipulation to test not only the weld metal, but 
to traverse the HAZ also (see Fig. ten Charpy specimens 
are required with the notch centered at the following 


locations: weld fusion line, 1mm from weld fusion line, 
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ZA 


3mm from weld fusion line, and 5 mm from weld fusion 
line. This requirement reflects the present Coast Guard 
position that assessment of the HAZ is very important. It 
is partly because of this feeling that the DWT is discour- 
aged as a weld procedure qualification toughness test (be- 
cause the DWT is inherently incapable of examining the HAZ 
accurately [6]). 

It should be stated that the DWT may be used for pro- 
Meeeere Qualification in rare instances. It is routine to 
feemee fOr austenitic stainless steels and their weldments 
(this results in no assessment of the HAZ for most of these 
steels). 

PRODUCTION TESTING 

Specimens for production toughness tests are ob- 
med from BUneOee tabs attached at the ends of actual 
Ship-board weld butts or seams. Charpy specimens are to 
be cut exactly as for procedure qualification tests except 
that location of HAZ specimens shall be restricted only to 
that location nae Showed the lowest energy values in the 
procedure tests. 

RETESTS | 

Given the high degree of scatter in Charpy V-notch 
Bpaict energies, certain amounts of scatter are allowed if 
more test data can achieve the desired average. Generally, 


if a set of procedure qualification Charpy tests fail, even 
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after following the retest procedure in Subpart 54.05, the 
procedure is not approved by the Coast Guard. However, if 
the procedure passes the Charpy tests, but the production 
Charpies fail (even with proper retesting), there is still 
ameans for approving the ena eard weldment. This can 

be done by using the drop weight test, as per Subpart 54.05 
of CG-115. The intent of this procedure is to conduct one 
last test before deciding to rip out a weld on a ship. If 


the DWT passes, then the weld is allowed to remain [7]. 
mee. > )6U ALTERNATE TOUGHNESS TESTS FOR WELDMENTS 


From the preceding information, it can be seen that 
there is a definite preference for the Charpy test as a 
means of qualifying weldments for notch toughness in CG 
regulations. But there are provisions to use alternate 
tests and/or acceptance criteria. It will be informative 
to investigate these. 

First of all, the stated Charpy energy values (which 
apply only to ferritic steels), although the most common 
acceptance criteria, may be replaced by other values with 
special approval. Approval can be obtained from the Coast 
Guard if there is sufficient data that shows suitable 
correlations of the DWT and Charpy test for the material. 
The actual values depend on the specific correlation. 


These new values would then also be required for weldment 





a) 


@aalification. 

The explosion bulge test (EBT) is one alternate tough- 
ness test method, but is restricted to higher strength 
quenched and tempered steels. Since CG-115 was written, 
this test has become almost standard for these steels [6] 
(each case is considered individually, however). 

An up-and-coming test is the dynamic tear test (DTT), 
developed at the Naval Research Laboratory. It is receiving 
much attention at Coast Guard Headquarters, where the feel- 
ime is that it should arrive soon as an established test”. 
meparticular failure that has had a major impact on CG 
thinking is the HAZ fracture of barge TOS 3301 [8] in New 
York in 1972. The DTT curves for steel from this barge 
showed good correlation with the actual failure, much better 
than Charpy curves [7]. Thus it can be expected that for 
certain cases, the DTT will be utilized in Coast Guard 
regulation procedures in the near future [7]. 

The drop weight test, for CG use, has undergone a sig- 
Bicant evolution, based on experience. It is generally 
considered to be a foolproof method of determining NDT 


temperature, and it has thus served as a basis for setting 


“The DTT is already in the ASTM grey pages, which means it 
will become a firm part of the standards in three years 
if there is satisfactory experience with it in the mean- 
me [ /]. 
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up Charpy acceptance criteria. It is even called for by 
CG-115 to replace the Charpy in some specially considered 
cases. But actual use of the DWT instead of the Charpy 
test has been rare, and has been restricted to base metal 
only when it has been used. (One exception is austenitic 
stainless steels where the DWT is called for in weld pro- 
cedure qualification as well as base plate acceptance.) 
In fact, less and less emphasis on the DWT can be expected 
in future CG regulation cases. The reason for this is 
because the test is felt to be more liberal than the Charpy 
test [9]. This conclusion has been drawn from observing 
many correlations between the two. The other factor which 
Giscourages use of the DWT for weldments is that it cannot 
evaluate the HAZ properly ioule 

From the above discussions of alternate toughness 
tests to the Charpy V-notch test, it should be clear that 
the Coast Guard gives very much attention to each individual 
case, especially if it is the least bit out of the ordinary. 
The regulation process is not simply a matter of following 
the book; it requires analysis by many persons on the Coast 
Guard side, who in turn are guided by the experiences of 
all of industry and of technical organizations (such as 


ASTM, ASME, AWS, etc. [6, 7, 9]. 
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Mies. OTHER CLASSIFICATION SOCIETIES 


II.B.1. AMERICAN BUREAU OF SHIPPING 


The ABS is similar to the Coast Guard regarding 
4ts weld procedure qualification of low temperature (< °F) 
materials. Charpy V-notch impact testing is required 
exactly as in CG-115, i.e. specimens must be taken so as to 
traverse the HAZ and weld at the weld metal, fusion line, 
ana i mm, 3mm =~,andé 5mm from the fusion line. Also, 
the minimum Charpy energies must equal those of the base 
mecvel [10]. 

It is not surprising that the ABS and USCG worked very 
closely [9] in coming up with the low temperature (< O0°F) 
regulations when one compares the two. The only steels for 
which specific Charpy energies were given in the CG regula- 
tions were ferritic steels. For temperatures between O°F 
and -70°F the requirements for Charpy energies, and also 
chemical properties, tensile properties, manufacturing 
process, and heat treatment are exactly the same in the 
ABS rules. (There is a specific paragraph Bowie for 
different energies for -70°F < T < O0°F to be considered 
when there is suitable correlating data between Charpy 
tests and DWT's.) MThis i: also the case, for the most part, 
as in CG-115, for steels at temperatures below -70°F (but 


meewe —-320°R ). The Coast Guard calls for specific Charpy 
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energies for specific steels (i.e. Ni steels, Subsection 
TI.A.3; Appendix B.1) in this case. The ABS does so also 
(including the same values of Charpy energy), but it also 
Meters the option of using lateral expansion of a Charpy 
specimen instead of impact energy as an acceptance criter- 
fon. This is to be contrasted with the use of lateral ex- 
Memeonm as the only criterion for heat treated ferritic 
steels in CG-115 (Subsection II.A.3; Appendix B.3). 

An important point is that the ABS and Coast Guard 
both feel that assessment of the HAZ is important and thus 
place emphasis on Charpy testing versus drop weight testing. 
The ABS has allowed the DWT for weld procedure qualification 
in addition to the Charpy test, however. And it is possible, 
although very- unlikely, that the DWI could be used instead 
of the Charpy test for procedure qualification by ABS. But 
generally speaking, the Charpy test is preferred for accep- 


tance of weldments (10, 11]. 
Mmimiec. DET NORSKE VERITAS [12] 


This Scandinavian classification society has weld- 
ment toughness rules that are more stringent for low tem- 
perature service versus normal temperatures, just as the 
U. S. Coast Guard and the American Bureau of Shipping. 


Specifically, for tanks (low temperature), weld procedures 
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shall be qualified for notch toughness by Charpy V-notch 
impact tests. Test specimens are to be taken in the 
centerline of the weld metal, at the fusion line, 3 mm 
from the fusion line, 5 mm from the fusion line, and 7 mm 
from the fusion line. All of these specimens are required 
Eo meet the same minimum energy requirements as for the 
base metal, just as in the CG rules. Of the four locations 
in the fusion line or HAZ, that which gives the lowest 
energy reading in the weld procedure qualification test 
above shall be Charpy-tested again when the workmanship 
(equivalent to production tests) test welds are evaluated 
Peenotch toughness. (For vessels that are not liquefied 
Bas types, production impact tests are only required for 
the fusion line ena meuerhie maa | Le |). 

Two very important observations are: (1) for the 
HAZ, no tests are required at 1mm from the fusion line; 
(2) impact testing is required 7 mm away [12]. It would 
seem that for the former case there might be neglect of a 
Significant Bree of the HAZ, namely the coarse-grained 
gene. IC is in this area that low notch toughness could 
be obtained for some welding processes (more will be dis- 
cussed on this later on). On the other hand, by requiring 
impact tests as far away as 7mm , it appears that there 
is a much greater chance of hitting the thermally strained 


e 


zone (which will be mentioned later), an area that many 
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believe will not degrade a weldment's performance even if 
it has low values of Charpy impact energy. (There are 
mmporvcant implications concerning this area; they will be 
dealt with later on.) 

Mepicovasion thay is very similar to CG practice is 
that if these production test Charpy energies do not meet 
the requirements, then there is still a possibility for 
special approval of the weldment by use of the drop weight 
test. This policy closely parallels that of the CG on 


production weld approval, as was mentioned earlier [12]. 
TI.B.3. IMCO” GAS SHIP CODE [13] 


The IMCO Gas Ship Code offers some interesting 
observations. It nae developed by members of many countries 
and thus represents the first international effort for cold 
temperature applications. It is expected to go into effect 
memechne near future. 

This code prescribes weldment procedure qualification 
am much the same manner as the U. S. Coast Guard and the 
American Bureau of Shipping. The main facet of this simi- 
jarity is that HAZ, fusion line, and weld metal Charpy V- 
Peech impact tests are required in exactly the same manner 


as the above named organizations. That is, HAZ tests are 


é 
Intergovernmental Maritime Consultative Organization 
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Meescribead for 1mm, 3mm, and 5 mm from the fusion 
fine, just as before [6, 13]. 

The similarities noted have some important implications. 
Pyepaving many countries present to develop the code, there 
was the opportunity to "get the bugs out" of the previously 
written standards, if there were any bugs, in coming up 
with the new code. But the end result is very similar to 
what had already been used (at least in the U. S.), as far 
as notch toughness testing of weldments is concerned. One 
main reason for this is the major influence that the Coast 


Guard had in the code's development [6]. 


mio. U. os. NAVY 


feces. «=GENERAL 


Looking at the way the U. S. Navy qualifies weld 
procedures to avoid fracture offers some very interesting 
contrasts to what has been presented so far. Basically, 
the Navy takes a significant part in designing the partic- 
Miars Of a procedure through extensive research, including 
fracture evaluation. In addition, small specimen HAZ 
tests are not required. These are the two points of 
difference between the Navy and the other classification 


societies. 
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tose. DETAILS 


Weld procedure qualification for materials and 
electrodes with which there has been previous experience is 
more cut and dried. For these materials much information 
is available on optimum welding procedures, whether it comes 
from Navy publications or from industrial experience. The 
only real question of concern to the Navy is whether the 
fabricator can actually perform the procedure in a satis- 
factory manner (procedure qualification) [14]. A number of 
tests, both non-destructive and destructive, are used to 
show this. Those which assess fracture characteristics are 
the impact tests” (Appendix A.5). But impact tests are 
only required for a few cases, as noted in the appendix. 
However, any time impact testing is required, no HAZ spec- 
imens are called for. The reason is partly due to the 
favorable HAZ experience with these materials in the past. 
But for some cases, the Navy may have conducted preliminary 
(on the research level) explosion bulge testing (see Appen- 
Gix A.3) and proved to itself that HAZ degradation was not 
a problem for the particular materials [14, 15]. 

For new materials, without significant previous exper- 
jence, it is through similar preliminary evaluation (re- 


search and development) of not only fracture characteristics, 


* except for quenched and tempered steels 
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but of all elements of welding (joint design, material 
forming, workmanship, heat input, pre-heat, etc.) that the 
Getailed procedure can be written up and simply handed to 
the fabricator. Thus, even for a newer material which 
the fabricator may not have welded previously, there is 
very little uncertainty about the best way to do so. The 
Navy tells the fabricator the best way. The only question 
would again be whether or not he is capable of welding the 
material according to the Navy's requirements (procedure 
qualification). And, again, a number of destructive and 
non-destructive tests (as determined from the research and 
development with the material) would be called for, although 
some may be different than those for more familiar materials. 
Perfect examples of this procedure are the steels HY-80 
and HY-100 [{14, 16]. For fracture assessment of these, 
explosion bulge testing (Appendix A.3) is used [16]. Op- 
timum welding procedures require strict heat control to 
achieve good notch toughness, as determined from Navy 
research and Mev soonent [14]. This detailed information 
that the Navy provides on weld procedures is one factor in 
Memerasty With the Coast Guard requirements. 

The other factor that makes Navy notch toughness re- 
GQuirements different is that no HAZ impact tests are 
required. The first reason for this is the evolution of 


the explosion bulge test as a good means for checking HAZ 
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degradation (see Appendix A.3) [14]. But, except for 
quenched and tempered steels (HY-80, HY-100 , HY-130) 
there just has not been any problem with HAZ degradation 
in the Navy [14]. A probable reason for this is that the 
operating temperatures of Naval sins are well above NDT 
temperature, so that even if there was slight degradation, 
meewould not make much difference. The other reason for 
not requiring HAZ impact tests is that the explosion bulge 
test very adequately evaluates quenched and tempered steel 
weldments for the Navy's purposes (i.e. explosive loading 
in war time is indeed what the Navy wants to design ships 


Meoemst) (14). 
meee. = =DISCUSSION 
mee. !. GENERAL 


Having studied the previous different approaches 
tO notch toughness requirements, the sharpest ones c is 
between the Navy's method and the others. This contrast 
Will be discussed and analyzed here. It will be limited 
to comparing the Navy requirements with the Coast Guard 
requirements only (due to the similarity of the classifi- 


meron societies to the latter). 
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II.D.2. POINTS OF DIFFERENCE BETWEEN NAVY AND COAST GUARD 


REQUIREMENTS 


To understand these differences requires looking 
at different aspects, from ordering the steel to checking 
the final weld ina ship. After doing so, it will then be 
clearer why there is such a contrast between notch tough- 
ness requirements. There are four levels of regulation 
that should be studied: (1) choosing the steel; (2) de- 
termining a welding procedure; (3) testing the fabrica- 
torts capabilities regarding the welding procedure; (4) 
controlling and evaluating the service weldment. 

These are depicted in Table II-1l. This table gives 
valuable information on how these steps are carried out in 
the two different cases. Comparison is made between Navy 
Beevretion of a material in a higher risk application (or 
possibly a new material) like HY-80 and Coast Guard regula- 
tion of a similar situation (lower temperature steels (Sub- 
section II.A.3; Appendix B)). 

For level (1) the Navy specifies the exact steel at 
the design stage of the ship without any input from the 
fabricator (unless familiar materials were being used). On 
mm@emotuhner hand, having to fulfil Coast Guard requirements, 
the fabricator picks a low temperature steel (Subsection 


II.A.3; Appendix B) from those listed in CG-115 [2] (or 
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possibly gets special approval for an alternative). 

For level (2) the Navy develops the proper welding 
procedure using certain tests [14]. These tests may include 
checking the HAZ by explosion bulge testing if HAZ degrada- 
Mme 1S possible; or, if it is not deemed significant, HAZ 
assessment would be stopped in the research and development 
stage (this was the case for some of the steels mentioned 
in Appendix A.5) [14]. The Coast Guard, however, has not 
developed any welding procedures; it requires the fabricator 
to do so. And it is at this point that the fabricator must 
look at the CG requirements in determining his weld proce- 
dure. Actually, he should be considering levels (1) and 
(2) together to ensure he will get a passing grade at level 
3): 

For level (3) the overall requirement for each case is 
The same: undergo official tests to prove to the Navy or 
Seeeeeauard that the fabricator is capable of producing a 
sound weld. But the tests for weld procedure qualification 
differ between Bie Navy and Coast Guard. Specifically, to 
evaluate the HAZ, the explosion bulge test is used for HY-~80 
weld procedure qualification, whereas Charpy specimens are 
called for in the HAZ of most of the low temperature steels 
(Subsection II.A.3; Appendix B). It is possible, however, 
to have a Navy steel with no HAZ requirement at all; the 


reason would be that HAZ degradation was proven to be no 
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problem for the specific procedure in the research and 
Gevelopment stage [14]. 

For level (4) the objective is again the same for 
each case: ensure that the service weldment is proper. 
Coast Guard and Navy rules both rely on non-destructive 
testing as one means of doing this. But production tests 
are also required by the Coast Guard (Subsection II.A.4), 
while none are required by the Navy. However, for HY-80 
and other quenched and tempered steels, strict heat control 
in welding is mandatory for optimum notch toughness = con- 
sequently, this is all the Navy requires.* However, in 
@memcola steel (Subsection II.A.3; Appendix B) applications 
(which are generally not quenched and tempered steels) 
eaeee 15 nO point in controlling heat input. Therefore, 
the production test is needed (Subsection II.A.4) to indi- 
cate the notch toughness of the weldment. 

iets clear at this point that the comparison of the 
Navy and Coast Guard standards has actually been a compari- 
son of "apples aia oranges" to an extent (comparing a 
quenched and tempered steel to non-quenched and tempered 
types). But it has nevertheless shown the different ap- 


proaches taken, which is very important information. In 


¥ 
CG does the same for commercial quenched and tempered 
Steel applications. 





ou 


summary, the Navy does much of the preliminary investigation 
(research and development) on a high risk/new material and 
. its optimum welding procedure. It thus requires less 


homework for the fabricator. 
mee. 3. CONCLUDING REMARKS 


From a broad perspective, the fabricator is 
generally a little harder pressed when building a commer- 
cial ship versus a Navy ship. The reason is that he must 
qo more homework on economically optimizing both his steel 
choice and welding procedure, while at the same time making 
sure he will pass Coast Guard requirements. For Naval 
construction, however, the fabricator does not have to 
choose the steel or determine the weld procedure; but he 
does have to prove to the Navy, in the design stage, that 
he can weld the material as specified by Navy publications. 
The fabricator is not responsible for steel quality, however, 
in building a Naval ship; the Navy usually places full re- 
sponsibility with the steel supplier [14, 16]. 

An interesting question is, coupled with the previous 
paragraph, are the Coast Guard HAZ requirements unrealistic 
or overly tough as compared to the Naval practice with 
HY-80. This is a somewhat inappropriate comparison. First 
of all there is certainty about the factors causing low 


notch toughness in HY-80 weldments. But for the cold 
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(< O°F) steel applications (Subsection II.A.3; Appendix B), 
Weech have wider variation, there is a lack of certainty 
about how the notch toughness of the HAZ as measured by 
Charpy tests affects the performance of the weldment. The 
Coast Guard and other classification societies have many 
inputs of opinion from the steel companies and committees 
of the ASTM and ASME, but there is general concurrence 
with this requirement, despite the uncertainty. In fact, 
Beeee> 1t Cannot be proved that the requirement is in- 
appropriate, the Maritime Administration has contracted 
Beemiliavional Bureau of Standards to conduct a detailed 
Swmayeot low temperature use of materials (no information 
is expected for a few years) so that better information 
will become available Cala} oP 

Prether Mipormuanemtaccor UG COnsider is that industry 
iit, Desides the Coast Guard, wants desperately to avoid 
a catastrophic failure (especially for Hear dus substances 
like liquefied gases). Because they desire to avoid legal 
litagition, people in industry feel that the relatively 
minor economic benefits that would result from a less strin- 
gent HAZ toughness requirement are insignificant when the 


Peeko are taken into account [4]. 


% 

mieoenon—routine study is to be contrasted with the routine 
research and development which goes into new Naval high 
hesk material applications. 
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miecummary, there 1s no unified opinion on exactly 
what should be appropriate HAZ notch toughness require- 
ments for cold (Subsection II.A.3; Appendix B) steel 
applications [7]. Industry cannot afford to undertake 
extensive research and development (as the Navy does) prior 
to using a material for these high risk situations. Con- 
sequently, the uncertainty lingers. The next chapter will 
give some implications of notch toughness assessment of 


weldments in general and the HAZ in particular. 





CoAr lene rrr 
INFORMATION REGARDING NOTCH TOUGHNESS EVALUATION 


OF WELDMENTS 


TII.A. WELDMENTS IN GENERAL 


TII.A.1. SOME BACKGROUND INFORMATION 


The importance of controlling notch soe iiece ala 
weldments stems from the presence of embrittlement. The 
causes, though not well understood, include the state of 
Stress, thermal and strain cycling, strain ageing, irradi- 
eeeon., exhaustion of ductility, and certain metallurgical 
content [18]. In depth studies are presently underway to 
comprehend not only the microstructural events which are 
caused by the above factors, but to understand basic micro- 
structural behavior itself. On the other hand, there is 
work that simply assesses the end effects (e.g. change of 
transition *emperature) of whatever brought about the em- 
brittlemer. without addressing its cause; it is this end 
of the spectrum in which the structural designer operates 
and to which this study will be devoted. And it is for 
this purpose that various tests for notch toughness have 


been developed. 
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NOTCH TOUGHNESS TESTS FOR WELDMENTS 
Besides the Charpy V-notch test, other small 

specimen tests that have become popular for analyzing 
notch toughness of weldments are the crack opening dis- 
placement [19] (COD) test (Appendix A.6), the Kyo test, 
the drop weight test (Appendix A.2), the Lehigh test [1], 
20, 21], the Kinzel test [1, 20, 21], and more recently 
the dynamic tear test (Appendix A.4) and the Niblink [22] 
test (Appendix A.7). All these tests provide transition 
temperature information, primarily (except Keo and 
Messibiy COD). 

mae tain problem associated with these small specimen 
tests is that they cannot simulate the real, complex geo- 
metrical conditions that a crack encounters in an actual 
Wetoament. It is for this reason, mainly, that use of 
larger scale (i.e. those which include a weld and its 
surrounding material) tests, such as the explosion bulge 
test (Appendix A.3), the Wells wide plate tension test 
Meet ne Delta test [23], and the deep notch test [24} has 
grown. Besides being too small to simulate an actual 
weldment, the small specimen tests have been shown to have 
other deficiencies (e.g. pinpointing a wrong transition 
temperature) so that correlations [1, 25] are being made 


more frequently; these correlations are either between the 


small-scale tests or between large and small-scale tests. 
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Meena. 2. METHODS OF APPROACH 


NAVAL RESEARCH LABORATORY (NRL) 


The largest impact on methods of preventing 
Peeacture of structures has been from the Naval Research 
Laboratory under the leadership of W. S. Pellini. Although 
his concept of Fracture Safe Design does not specifically 
address weldments, it has been used very successfully in 
meeadea structures. 

This idea involves not only the.mechanical aspects 
(such as test methods) but also the metallurgical aspects; 
the two are considered together in detail [21]. Some 
valuable tools fcr NRL researchers have been "interpretive 
procedures" [21, 26] involving use Ce Une iaede vue Analysis 
Diagram (FAD) and the Ratio Analysis Diagram (RAD) [21,26]. 
Although fracture mechanics plays a role in these proce- 
dures (at the research end), the main thrust of Fracture 
Safe Design is to design where there is enough plasticity 
(large plastic zone) so that fracture mechanics does not 
actually apply. The idea is to get an on-the-safe-side 
design, even though it may not be quantitatively known 
Mewesate [26]. 

The most dangerous situation, according to NRL re- 
searchers, is the case of an existing sharp crack which 


can be easily propagated by low stress [21]. In order to 
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evaluate this condition, the arrest and transition temper- 
ature behavior of the structure must be duplicated in the 
mechanical test procedure used. The DWT* (Appendix A.2) 
and the EBT* (Appendix A.3) are two tests that have been 
used successfully for some time to assess dynamic fracture 
characteristics of steels. The DTT” (Appendix A.4) also 
measures the dynamic condition; it has the added advantage 
of giving quantitative (energy values) information. This 
test has been shown to Brer MUCH DeeLer correlation vO 
structural performance than the Charpy V-notch test (to 
be discussed in.Section III.A.3). 

CORRELATIONS 

Except for the Navy, general practice does not 
involve the research which NRL conducts. The main objec- 
tive in design and construction is to have convenient and 
reliable means of determining the notch toughness of a 
structure, without conducting preliminary research. Small 
MeeeermvestS are generally used due to convenience (simple, 
economical, small amount of material, quick). But their 
reliability has come under increasing fire. Reasons for 
this decreased confidence involve their irrelevance to 
Seemetric conditions in an actual weld, their improper 


transition temperature determination, and the inapplica- 


¥. 
Developed by NRL 
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bility of some (Charpy V-notch test, discussed in Sub- 
section III.A.3) to a broad category of steels. 

In order to increase the reliability of small scale 
Meees, correlative studies [1, 21, 22, 25] involving 
larger-scale, full-size weldment tests have grown enormous- 
ly. The expense of these large scale tests generally 
limits them to strictly research use, however. But they 
can help better characterize small specimen tests so that 
the latter can help in eieeindne improved information 
about a service weldment. 

INTERNATIONAL INSTITUTE OF WELDING 

From a philosophical point of view, the IIW has 
held for a long time that the objective of attaining 
fracture resistance in a weldment consisted of controlling 
two aspects of fracture: initiation and propagation. Be- 
cause of the very high probability of defects in the weld 
zone (i.e. weld metal or HAZ), the objective has been to 
design against fracture initiation from these defects [22]. 
But if a fracture did initiate, it generally propagated 
dynamically out of the weld zone into the base metal.” 
Therefore, emphasis has been on fracture propagation resis- 


tance in the base metal where arrest of a running crack is 


“"Nibbering [22] has noted that these observations were for 
the wide plate tests and the Kihara deep notch test, both 
of which are large scale weldment tests; this deviation of 
the crack is attributed to residual stresses [22]. 





45 


@eoired. 

Looking at fracture resistance in the weld zone, and 
Gemoitdering the desire to prevent fracture initiation there, 
a few different types of small specimen tests have been 
used. The COD [19] test (Appendix A.6) has established 
itself in IIW circles. The Charpy V-notch test has been 
and is still being used, although limitations do exist (to 
be discussed later in Subsection III.A.3). A third alter- 
native that has gained Rome ty is the Niblink [22] test 
(Appendix mie these Fests have all been usedabo measure 
tendency for fracture Mitiatten. 

DISCUSSION 

Major issues in the use of these or any tests are: 
emesnould crack initiation or crack propagation be con- 
sidered; (2) how does loading rate relate to (1)? 

The rational approach to these issues is as follows. 
For structures that undergo slow loading, a notch tough- 
ness test which itself involves slow loading is appropriate 
memmeasure tendency for crack initiation. But for this 
same statically loaded structure with a running crack, 
dynamic crack propagation resistance is of concern. On the 
other hand, for structures which undergo dynamic or high 
meer rate loading, it is felt that a notch toughness test 
that itself involves fast loading is appropriate to prevent 


fracture initiation. For a running crack here, dynamic 
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propagation resistance is again important [21,22]. 

Propagation. In addition to the rational approach 
discussed above, other factors are very important. Specif- 
ically, the beneficial influence of residual stress (i.e. 
causing propagating cracks to deviate away from a brittle 
weld or HAZ into more ductile base metal) may not always 
Seest. This would be the case for the following conditions 
meee (1) high heat input to the Weld semceyshveher yield 
stress of the material; (3) higher working stress (could 
show up in plastic straining which eliminates residual 
stress); (4) stress relief. If any of these conditions 
meet), a greater possibility of a crack propagating 
through the weld zone (weld metal or HAZ) exists. And if 
this happened, the previously held IIW Se sieweer Gerla of 
Preventing crack initiation in the weld zone would not be 
appropriate. A better design criteria for weld zone mater- 
ial would obviously involve a test that measures propaga-— 
tion-arresting capability. This is an important considera- 
tion, even in Statically-loaded structures where a fast 
running crack is dynamic in nature. 

NDT temperature. To combat fracture propagation, 
Bitetbelicved that material must be above the nil-ductility 
transition (NDT) temperature [21, 22], so that there is 
Capability of crack arrest. The drop weight test is the 


accepted means for determining NDT temperature. But a 
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serious drawback in its use with weldments is that the 
brittle starter weld bead tends to heat treat and thus 
improve the material of the weld zone directly beneath 
moe? | . 

With the above considerations in mind, it will be 
valuable to look at two proposals to evaluate and control 
weldment notch toughness that are on opposite ends of the 
spectrum. 

A novel proposal. Some recent work [22] has 
suggested one possible alternative approach in accounting 
for propagation and NDT temperature. This involves con- 
sideration of fatigue (due to the cyclic loading which 
most structures undergo). Structural fatigue is generally 
low cycle - higher stress. It involves a running crack. 
In actual experimental work, cited in reference [22], 
fatigue cracks were propagated through the HAZ of a high 
heat imput weld. Observations from this work have shown 
some significant benefits to this type of testing. First, 
the crack has the opportunity to follow the weakest area. 
It also effectively samples much more material because it 
is not restricted to one location as in most other tests. 
Other benefits to a fatigue test method are use of a more 
realistic crack, the presence of fatigue damage, the possi- 
Beteey of finding critical crack length, and the ability 


to give information on NDT temperature (this was evident 
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from observing arrests of the crack after each cycle in 
the experimental work mentioned above [22]). It is felt 
by some people that this type of testing should be pursued 
further [22]. 

A more conventional proposal. On the other hand, 
a recent study [27] has suggested a fracture control plan* 
feeeshaps that calls for toughness specifications Secale 
memexisting CG, ABS, and other rules. This similarity is 
in specifying required toughness levels and in requiring 
these same toughness levels in the HAZ and weld as for 
base plate. Differences, hnowever, lie in, first, calling 
for a minimum NDT temperature and, second, requiring tough- 
ness to be measured by the dynamic tear test (DTT) instead 
of the Charpy V-notch test. Due to the universality of 
tne latter, nowever, correlations of Charpy energies to 
the DT energies were made by fracture mechanics relations 
_2@k 

It is important to note in the previous paragraph 

that Charpy energy criteria were also sought in the frac-— 
ture control plan mentioned. The widespread use of 


Charpy test machines makes it very desirable to use this 


= 
This study [27] advocates a two-pronged approach to frac- 
ture control: (1) specification of minimum toughness 
levels (discussed here); (2) the use of very high tough- 
here) oes arresters at certain locations (not discussed 
ere). | 
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test whenever possible so as to avoid the massive upheaval 
of changing established toughness test procedures. Also, 
there are many attempts to correlate results of expensive 
tests (on the research and development level) with Charpy 
results so that the simple test can be of practical use 
bo industry. But, for the previously discussed study 
(reference [27]), there was little good correlation of 
Charpy energy with NDT temperature for ABS grade ship 
steels, which was Poneadeved a serious deficiency [28]. 
There are other observations of deficiencies in Charpy 
Semen {7, 11, 17, 21, 22, 26]. It will therefore be 
meeable £oO look more closely at it due to high usage by 
ship classification societies and the U. S. Coast Guard; 
the next subsection will address more specifically some 


problems of the Charpy V-notch test. 


MibeA.3. CHARPY V-NOTCH TEST - A CLOSER LOOK 
PROBLEMS 


The nature of the Charpy test involves deformation 
by severe bending loads. This causes a high degree of tri- 
axiality which gives a severe state of strain at the notch 
tip. Combining these factors with the fairly high strain 
rate encountered, it would seem that test loading is 
really more severe than in-service structural loading 


involving fracture initiation and thus not an appropriate 
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wey tO measure notch toughness for this case. But this 
brings up the key point: what in-service situation is 
the test measuring? 

NRL researchers have deemed that the Charpy test is 
Muse vere enough. They feel that it cannot accurately 
measure low stress crack propagation in a structure be- 
cause ". . .the test is inadequate with respect to width, 
@epon, and notch acuity, i.e., its mechanical constraint 
capacity is of low order." [21] Testimony to this belief 
meee NRL Dil which is much more severe than the Charpy 
V-notch test [21]. 

The other problem with the Charpy test is its some- 
times erroneous determination of transition temperature. 
This was mentioned previously in comparison to DTT evalu- 
ation of ship steels [28]. NRL studies have also shown 
it to be especially inappropriate for high strength 
Steels in this regard [29, 30]. 

SUCCESSES 
Revestteless. use of the Charpy V-notch has been 
Beensive and, to an extent, successful. It definitely 
has its place for many steel types [7, 21]. One good 
example of this iSettS Uptlt zation for assessment of the 
ferritic steels (Subsection II.A.33; Appendix B.1). 
Although NRL research has proven that the DTT is a 


better measure of crack propagation characteristics, there 
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has been successful use of the Charpy test as a fracture 
Miiotation assessment criterion. Regarding this, Nibbering 
[22], 1974, noted good correlation with Niblink tests 
(Appendix A.7), which measure initiation tendencies, and 
has mentioned other successful use of the Charpy test in 
many common low strength structural steels [22]. For in- 
stance, the 25 ft-lb energy criterion was determined to 
be an on-the-safe-side fracture initiation standard for 
most industrial applications; also, transition temperatures 
corresponding to this value have been considered valid [22]. 

Another good example of successful use of Charpy tests 
in low strength steels is the excellent correlation it 
showed with wide plate tests and Niblink tests in a very 
comprehensive study [31] of embrittlement in electroslag 
welded C-Mn steel. The author concluded that Charpy tests 
were indeed useful [31]. 

A further vote of confidence for the Charpy test was 
a recommendation that it, among others, be used to measure 
dynamic toughness, in order to prevent propagation of 
cracks from defects in the subcritical HAZ (to be discussed 
in Subsection III.B.1). This particular recommendation 
applied to low SwGaewewiesceeticn Im fact, 1b 738 generally 
felt that the Charpy test has more validity for these 


steels than other higher strength steels. 
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Regarding weldments, the Charpy test has particular 
value due to its small size. Specific small areas of in- 
berest, such as the HAZ, can be evaluated and compared to 
the surrounding area. This is bine case for most weld pro- 


cedure qualification toughness testing (Subsection II.A.4). 
UNCERTAINTY 


Use of the Charpy V-notch test in weldments is 
based almost entirely on experience; the fact that it has 
existed for so long is probably the main reason for this. 
The 25 ft-lb criterion, among many others, is an example. 
Even though these criteria have been valuable for some 
steels and are convenient, there is no good theoretical 
basis for them. Raenocen it would ae economically con- 
venient to retain present Charpy criteria, there is in- 
creasing evidence [28, 29, 30] that use of the test should 


Bewcarefully considered. 
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fmee.b. HEAT ARPFECTED ZONE 


meee. l. TYPES OF BRITTLE HEAT AFFECTED ZONES 


There are three more or less distinct types of 
HAZ. In only mild steel (C - Mn) have all three of these 
been observed. For this reason, and also because the ex- 
perimental work of Chapter IV involves a C -—- Mn steel, 
Giscussion here will lean toward low strength steel. For 
heat treated low alloy structural steels (normalized, 
quenched and tempered), the types of HAZ are similar to 
two of the three mentioned here. The three types of HAZ 
are: 

1) Transformed heat affected zone (THAZ) 

2) Subcritical heat affected zone (SHAZ) 

3) Fusion face or coarse-grain heat affected 


zone (CGHAZ) 
MRANSFORMED HAZ 


The THAZ is what is most commonly referred to when 
the HAZ in general is discussed. It represents the area 
that has been subjected to temperatures just above the Aagy 
temperature (higher temperatures cause a CGHAZ , to be 
discussed later). It is generally a fine-grained area at or 
Mery enear the fusion line. Watkins [33], 1970, has attrib- 
uted the low toughness of this area to martensite (which is 


generally considered to cause brittleness [33]). For C —- Mn 





54 


steels, low toughness in the THAZ comes about in low heat 
input welds. The best way to reduce brittleness for this 
ease is to use stress relief [33]. 

The above description of the THAZ is by no means 
rigid. Banks [32], 1974, reported that for a ferrite- 
pearlite C - Mn steel (ASTM A-36) the THAZ was basically 
the same microstructure as base plate, although less tough. 
In contrast, a higher strength, tougher steel (ASTM A-441) 
showed a bainitic (which is known to have lower toughness 
than ferrite-pearlite microstructures [32, 33]) THAZ and 


a greater percentage loss in toughness. 
SUBCRITICAL HAZ 


The SHAZ is peculiar to mild steels and few low 
alloy steels (one example is A537A mod., used by Quincy 
Shipbuilding Division of General Dynamics, Quincy, Mass., 
and some other U. S. shipyards in LNG tanker construction). 
This area is defined by lower temperatures (750°F to 
930°F) [1, 34]; it lies up to 10mm away from the fusion 
line of a weld. Chemical composition (free nitrogen) is 
an important cause of the embrittlement along with some 
form of thermal straining. Brittleness of the SHAZ can be 
removed by stress relief [33]. 

Recent studies have shown that SHAZ embrittlement can 


De especially bad in the presence of a pre-existing defect 
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or crack. The severe loss of toughness (example given 
Betow) takes place at the tip of such a defect. Dolby et 
al. [35], 1972, has studied this phenomenon in great detail; 
he has found much evidence to show that the cause of brit- 
Bieness at a crack tip in the SHAZ is due to dynamic strain- 
Beeing. Dynamic strain-ageing causes increased dislocation 
density and hardness Ape enewnovedtuuip., thus bringing about 
the severely lowered toughness. The recommended means of 
avoiding such embrittlement is to use steel with low inter- 
stitial nitrogen and a small ferrite grain size [35]. 

oer this particular study [35], the most critical tem- 
perature for lowest toughness at the notch tip was a4 fferent 
for two C —- Mn steels: for a semi-killed steel, critical 
temperature was 1022°F ; for an aluminum-treated steel, 
critical temperature was 1202°F . The degree of embrittle- 
ment for the two steels is shown by the change in transition 
temperatures as follows: semi-killed steel - 72°F to 108°F 


increase; Al-treated steel - 43°F increase [35]. 


FUSION FACE OR COARSE-GRAINED HAZ 

This form of HAZ is roughly defined as one where 
increased grain Size occurs. It is always associated with 
high heat-input welding (electro-slag, electro-gas, and 
high heat submerged-arc), in all types of steels [33]. 


In many normalized and quenched and tempered steels, a 





56 


coarse-grained bainitic structure has appeared. Preventive 
measures are generally to lower the heat input. For C - Mn 


steels, normalizing has also been helpful [33]. 


DISCUSSION 

Effects of HEAT in the THAZ or CGHAZ 

There have been many reports, cited in reference 
[33], of detrimental effects of higher heat-input on notch 
toughness of the HAZ. So it has become common to say that 
higher heat input is generally undesirable. 

But contradictory evidence exists. Watkins [33], 1970, 
cites a case where there was better toughness in a high- 
heat weld despite the coarser grains (the reason was attrib- 
uted to autotempering of martensite). Other work [31], on 
2 in. thick electroslag welds (with the added detriment of 
stick-electrode cross welds)*, Showed that there was abso- 
lutely no loss of toughness in the CGHAZ. 

Srner eciiects 

There are clearly problems with making an absolute 
conclusion on the effects of heat-input. This is due to 
many complex factors that depend on the type of welding 
process and type of steel. Watkins [33], 1970, has cited 


many of these from the literature. A few of these compli- 





¥ 
This work produced a very complete correlation, involving 
Wide plate tests, Charpy tests, and Niblink (Appendix A.7) 
bests. 
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cations are as follows: 


C —- Mn steels: higher heat increases the chance of 
burning and hot tearing; low sulfur 
can cause burning and greater suscep- 
tibility to hydrogen-induced cracking; 
in the presence of larger grains 
caused by higher heat input, sulfur 
liquidation can cause severe embrittle- 


ment [33]. 


mlove steels: besides increased grain size, the 
presence of upper bainite can cause 
further embrittlement [33]. 


Defects 

The existence of defects must also be considered 
along with types of HAZ's and other effects noted above. 
For this discussion, types of defects will be categorized 
as either 'typical't HAZ defects (Appendix C.1) or ‘'non- 
typical' HAZ defects. The former are those which are nor- 
mally formed by the process of welding, i.e. hot cracking 
or cold cracking (Appendix C.1). These ‘typical! defects 
lie close to the fusion line and are always located in the 
THAZ or the CGHAZ. The 'non-typical' HAZ defects, on the 
other hand, are associated with the SHAZ. That is, these 
thermally strained defects can come about first by an in- 


terruption of the welding process, whereby any defects that 
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formed when welding is prematurely stopped are subjected 
to thermal effects when the process is resumed again. The 
other case of thermally-strained defects in the SHAZ occurs 
when existing 'typical' cracks in a weld are Subjected ine) 
the thermal effects of a subsequent cross weld (or any other 
adjacent weld). In both cases, 'non-typical' defects are 
subjected to the detrimental effects of thermal straining 
on notch toughness at the tip of the defect (Subsection 
ees. 1 under "Subcritical HAZ"). 

iibtclavlonwor propacation? 

The general philosophy regarding fracture in the 
THAZ has been to prevent initiation from occurring at 
existing defects [22, 32, 33] ('typical'), as mentioned in 
subsection III.A.2 under "International Institute of Weld- 
ing" and "Discussion". <A major reason stated for this was 
that a crack which initiated would most likely propagate 
into the base metal where HAZ toughness would no longer 
Mever. But certain factors can cause a crack to propagate 
through the HAZ; these are lower toughness due to a CGHAZ, 
the wider brittle area caused by a CGHAZ, and those factors 
Memoroned in IIIT.A.2 under "Discussion, Propagation" (1.e. 
higher material yield strength, higher working stress, and 
Stress relief) [22]. For such propagation through ae Buh 
propagation resistance would be needed. 


On the other hand, the tips of defects ('non-typical') 
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that are in the SHAZ have undergone such excessive embrit- 
tlement, that fracture initiation may be unavoidable. Be- 
cause these brittle areas are located only at a crack tip, 
a propagating crack will immediately run out into surround- 
ing tougher base material. It is thus of more importance 
for the surrounding material to have good propagation 


resistance. 
meas. PHYSICAL FACTORS IN EVALUATING HAZ TOUGHNESS 


The absence of physical and geometric uniformity 
@ummee HAZ is obvious. The most detailed studies of these 
factors regarding fracture have been carried out by R. E. 
Dolby [35, 36, 37] and associates, of the Welding Institute 
in Cambridge, England. 
Peteritis philosophy has been to accurately determine 


quantitative fracture toughness values (either K or 


Le 
critical COD) of areas of the HAZ so that corresponding 
Critical defect sizes can be calculated. These critical 
defect sizes would be used to more intelligently judge if 
defects in the HAZ of a service weldment were severe enough 
to undertake repairs or not [36]. 

The complications of determining these quantitative 
fracture toughness values have been where Dolby has directed 


most of his efforts. These have resulted in designing 


different types of fracture mechanics specimens to replace 
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traditional specimens which suffer drawbacks in two impor- 


ment aspects: 


1) their crack orientation with respect to 
the weld fusion boundary, and 


2) nearness of the free surface. 


Dolby recommends considering these two facets from the 
beginning and not being overly concerned with a conventional 
specimen. He refers to this as the "fitness-for-—purpose" 
approach [36]. 

By taking this method of attack, a number of different 
meeespecimen designs have been developed. These are based 
first of all on the actual type of HAZ crack that would be 
Emeountered in service: toe cracks, root cracks, or buried 
(underbead) cracks (Appendix C.1). Second, these tests 
address eracking either longitudinal or transverse to the 
weld. <A total of nine different specimens were originally 
developed, as detailed in reference [36]. Further modifi- 


cations have since evolved [37]. 
NEARNESS OF FREE SURFACE 


Looking more closely at the second drawback of 
conventional fracture toughness specimens, mentioned above, 
it is to be noted that plane strain effects are not as great 


near the surface. It would thus seem that a fully plane 
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strain fracture toughness specimen would be inappropriate 
for assessment of this case. But this is taken into 


account in applicable test specimens described in reference 
[36]. 


CRACK ORIENTATION 


The other AREER mentioned above, defect orien- 
tation, entails many more considerations and uncertainties. 
fereinstance, for the same crack tip location, the crack 
memla be directed toward the weld metal, or it could be 
directed 180 degrees opposite toward the base metal. Or 
the crack tip could be adjacent to the fusion line so that 
formation of a plastic zone could possibly envelope more 
than just HAZ material at the tip, i.e. weld metal may also 
be part of the plastic zone. These factors influence frac- 
ture toughness measurements, and are consequently being 
more carefully studied regarding the test methods discussed 
in references [36, 37]. 

Studies [37] have shown that the direction of the HAZ 
crack is important because it determines which specific 
material is included in the plastic zone. And this material 
could easily not be in the HAZ at all, but in the weld or 
base metal. Because the plastic zone determines fracture 
Memevior, it is thus possible to have an HAZ-cracked spec- 


imen (or weldment) whose behavior has nothing to do with 
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HAZ properties, but with weld or base metal properties 
instead. This situation would be especially typical of 
transverse (i.e. perpendicular to weld fusion line) HAZ 
cracks [37]. 

For a longitudinal HAZ crack (i.e. parallel to the 
fusion line) adjacent to a weld, studies [37] have shown 
@aae the plastic zone could encompass some weld metal and 
initiate a fracture there instead of the HAZ. For this to 
have happened, however, the fracture toughness and/or 
yield strength of the weld metal must have been somewhat 


memow that of the HAZ [37]. 
OBSERVATIONS 


The detailed HAZ studies by Dolby and associates 

(35, 36, 37] vividly illustrate the complexities of tough- 
ness evaluation in such an intricate region. They seem to 
beg for a simpler yet meaningful approach to determining 
HAZ performance. It is believed here that this is best 
accomplished by using full scale weldment tests. But 
these tests are very expensive, and few, except the explo- 
Sion bulge test, are even close to practical for use by 
industry and classification societies. 

The Charpy V-notch test is both practical and cheap; 
Dut its validity is sometimes questionable, especially re- 


garding weldments. Nevertheless, it is very commonly used. 
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The question arises as to how results from a small speci- 
men, extracted from a weldment, correlate to the actual 
metoment. it may be such that no correlation exists. But, 
regardless, there is definitely a need to investigate frac- 
ture of the weld itself, in an inexpensive and yet practical 
test. This will be carried out in the experimental work 


eo LOllow. 





CHAPTER IV 


EXPERIMENTAL WORK ON WELDED PLATE 


fven. GENERAL 


ioe ene@ineering Objective of this experimental work 
is to seek to answer the basic question of whether a weld- 
ment is safe from brittle fracture, particularly through 
the heat affected zone (HAZ). The definition of "safe" is 
considered to be the occurrence of iGicheeill, jos cis maleal eg) orale ng 
Meme racture. 

All weld procedure qualification tests, regardless 
Of their specific approaches, Share this same objective of 
Z_oetmining if a structure, as a whole, is safe from brittle 
iracture. But they do not actually test the structure under 
service conditions; this is very understandable. Neverthe- 
fess, real life conditions are not achieved for these 
tests, generally. And it is specifically for the purpose 
of ensuring safety of the real life weldment that the tests 
Pest. 

The basis for doing laboratory work here is the 
belief beac the Charpy V-notch test, which is the primary 
test method used for weldments, suffers from being conser- 
vative and possibly misrepresentative of the actual safety 
of the weldment from brittle fracture in the HAZ. A test 


procedure using a "weldment" (Fig. IV-13; Appendix D.1) 
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rather than a small specimen (like the Charpy specimen) 


cut from the weldment will be proposed and evaluated. 


meee. DEVELOPMENT OF THE TEST 


IV.B.1. BASIC CONSIDERATIONS 


A test that will ensure the safety of the struc- 
ture as a whole against brittle fracture must be realis- 
tic. That is, will a grade of "safe" in the test indicate 
a corresponding grade of "safe" in the structure? The 
choice of an actual weldment rather than a small specimen 
was the first step in this direction. Other considerations 
io LOW. 

LOADING 

The type of loading to be considered was based on 
two things. First it was desired to investigate the possi- 
Dilities of a catastrophic fracture through the HAZ (the 
Type 2* fracture of Masubuchi et al. [1], 1966). Secondly, 
meres Known that primary stresses in ship plate are tensile 
Moy. Therefore uniaxial tensile stress perpendicular to 
the length of the weld was used on the test strips. Sharp 
notches (fatigue cracks) were put in the HAZ to initiate 


fracture there. 


——— 
Type 2 fracture definition: propagation of a crack through 
the brittle HAZ without deviating away into the more ductile 
base metal where it could be arrested. 
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NOTCH CONFIGURATION 

Actual weld defects are relatively small compared 
bo plate thickness (Appendix C.1). There is also substan- 
tial plate material on either side of these defects. It 
was thus decided that the starter cracks in the test Strips 
should be neither through-thickness nor through-width. 

NOTCH SHAPE AND SIZE 

A straight-fronted surface crack was cut into the 
test pieces (Fig. IV-2; Appendix D.1). The choice of this 
Shape was due to more nearly plane strain conditions at the 
meepest DOint compared to a purely arc-shaped notch. Sharp 
Pricue cracks were then grown from these notches (Appendix 
D.2) to depths of between 50% and 70% of specimen 
thickness. Having the crack tip closer to the center of 
thickness ehan the surface allowed for more triaxiality 
135) (for pre-plastic behavior, that is). It is evident 
that the size of these cracks is much greater than a 
typical weld defect. 

NOTCH LOCATIONS 

These were chosen in an attempt to locate the 
area Of lowest notch toughness. The four locations of 
Fig. IV-3 were arbitrarily selected. However, fatigue 
cracks could only be grown successfully from locations (1) 
and (2) (see Appendix D.2); thus no test results could be 


obtained with notches in locations (3) or (4) (Charpy 
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V-notch specimens were obtained for all four areas, how- 
ever). The side of the second ucntupetie was notched due 
to slightly greater brittleness (as indicated by higher 
hardness values, Subsection IV.C.3). 

LOADING RATE 

One factor that was less realistic in the test was 
the slower (by a factor of 1/400 to 1/163) loading rate 
than a ship would encounter (Subsection IV.D.23; Appendix 
C.4). But it was felt that more control in conducting the 
test was attainable by using slower loading. Also, the 
velocity-modified temperature [39] relation (Appendix C.3) 
will be used to predict the effects of changes in loading 


rate. 


memo.e. EVALUATION CRITERIA 

It was stated earlier that the engineering objec- 
‘Cive of this experimental work is to determine if a weld- 
@emeein 2 Ship is safe from brittle fracture through the 
HAZ. The definition of safe was very succinct (occurrence 
mecoval plasticity prior to fracture) as mentioned in 
pection IV.A. But more information than a simple answer 
of yes or no to the safety question can be gotten in running 
atest strip. It is the purpose of this subsection to ex- 
plain which information will be sought and how it is to be 


used to interpret and evaluate test results. 
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HOW SAFE? 

Tne first question that arises after determining 
if a weldment is safe is the question of how safe (plastic 
Meheavior). it was initially proposed to approach this by 
using the ultimate tensile extension in fracturing an un- 
welded strip of steel as the standard to compare with the 
fmount Of extension that occurred in fracturing a notched, 
welded test strip. But, the narrowness of these test 
Beraps compared to an actual ship structural plate was 
felt to be a cause for erroneous information. That is, 
the measurement of extension over a gage length would not 
correlate accurately to the real thing because of the 
numerous variables involved. So, it was decided to usSe ' 
the reduction in specimen thickness, or thinning, on the 
fracture surface instead as a measure of ductility. Also, 
the crack opening angle [40] (Appendix C.3) will be used. 
These parameters will be evaluated regarding (1) their de- 
pendence on temperature, and (2) their values in relative 
assessment (explained below) of the two types of specimens 
(base metal notch and HAZ notch). 

HOW UNSAFE? 

Alternatively, the question of how unsafe (brittle 
behavior) the piece is might also be of concern. Measure- 
ment of this factor could be done with a K or Jd 


e ike! 
value (see Appendix C.2). However, the question of how 






re 


safe or how unsafe might simply be an academic one if the 
@emperature transition from ductile to brittle occurred 
near a feasible service temperature. It was for this reason 
that the idea of obtaining a Koo or Ito hOreprs ttle 
fracture was scrapped. The occurrence of a few brittle 
fractures in test strips indicated the dominance of frac- 
ture appearance transition temperature. 

RELATIVE ASSESSMENT 

There is no entirely reliable method of applying 
parameters measured on a test piece to a structural weld- 
ment and expecting good correlation. So it was thought 
mao some relative assessment of the different areas of 
the weld could offer the best information. This means that 
behavior with a notch in the unaffected base metal is com- 
meeea 60 behavior with the notch in the area of interest 
fee). ft is common to assess welds by screening such as 
mers. Its value, for purposes of this study, is that not 
only could a contrast be drawn with Charpy V-notch test 
Sereening, Bite also, more important, the safeness of the 
HAZ could be sereemined relative to the base metal. 

SUMMARY 

The major parameters to be used as evaluation cri- 
teria are as follows: fracture appearance transition tem- 


perature, fracture surface thinning, and crack opening 


angle (COA) [40], both in the HAZ and base metal. 
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IV.C. MATERIAL AND WELDING DETAILS 


IV.C.1. MATERIALS 


BASE METAL 

ASTM A-36 steel was used as base plate (1/2"). 
Its chemical composition is shown in Table IV-1, and its 
mechanical properties are as shown in Table IV-2. 

WELD METAL 

Two manual submerged-arc weld passes were made 
with a 5/64 inch diameter L-60 electrode/860 flux combi- 
nation ainecinwela> 860 Flux L-60 Electrode Combination, 
classification F62-EL12). Tests required by specifications 
AWS A5.17-69 and ASME SFA 5.17 showed the chemistry and 
mechanical properties :of deposited weld metal to be as 
shown in Tables IV-3 and IV-4 (ref. Test Certificate for 
this flux-electrode combination). 

An initial manual-are root pass with a 1/8 inch 

7018 low hydrogen electrode was made prior to the two 


main passes with the L-60 wire. 
Mv.C.2c. WELDING 


Initial surface preparation for welding is shown 
in Fig. IV-4. The root pass was then made in the vee. 
Next, a manual submerged-arc pass was made over the root 
pass. The side opposite the original vee was then prepared 


for the second submerged-arc pass by back-gouging. 
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TABLE IV-1 


Chemical composition of A-36 base metal 








Element : e Mn Si P g 
Aeecomp. : O.21 0.69 0.04 O50505 0.018 
TABLE TV-2 


Mechanical properties of A-36 base metal 


VELS el yelesbave Tensile strength 
40,400 psi 63,600 psa 
Elongation ©~ 8 in. Impact properties 


271k none specified 
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TABLE IV-3 


Chemical composition of weld metal in L-60 electrode 
(reference Test Certificate) 











Element : C Mn ‘Sul ie 5 
me comp. : 0.07/ 0.88 eee 0.019 Geol > 
TABwee | V—4 


ns 


Mechanical properties of weld metal for L-60 electrode/ 
860 flux combination (reference Test Certificate) 


Yield point enorme s vnecneen 
58,800 psi {0,200 psi 
Blongation in 2 in. Impact properties 
29% 63 ft-lbs 
(-20°F) 


(Charpy V-notch) 








fal 


The current for both submerged-are passes was 360 
amperes. Speed of travel was 9 inches per minute. 
Current for the initial root pass was 150 amperes. 

The photograph (Fig. IV-5) shows the detailed cross- 
section of the weld metal. The second pass is the upper 


one in each weld shown in Fig. IV-5. 
IV.C.3. HARDNESS MEASUREMENTS 


Table IV-5 indicates that there was a distinct 
difference between hardness on the surface of the first 
and second weld pass, for both weld metal and HAZ. The 
tempering effect of the second pass reduced hardness on 
the opposite surface by 8 - 9% 

It can also be seen from Table IV-5 that the HAZ did 
undergo hardening and thus embrittlement with respect to 
ome Dase metal. | 

By traversing the HAZ on the surface of the second 
weld pass, average hardness measurements were obtained as 
shown in Fig. IV-6. 

Some hardness readings were taken on the shear-cut 
Sides of the test strips. These were roughly 10% greater 
than the surface hardness readings of Table IV-5 (showing 
that the hardening effect of the shearing was not totally 
removed by the subsequent milling of the sides). Never- 


the less, the same trends as above were noted in these 
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Figure IV-5. Photo of weld cross-section. 





ee 


TABLE IV-5 


Surface Hardness of Weldment 


AREA WEED PASS NO. SURFACE HARDNESS (average) 
(Rockwell B number) 


HAZ a (eye 

2 816) 45) 

WELD iL 82.0 
METAL 

2 816 if 


BASE _ - (fee 2 
METAL 
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measurements. 
my.C.4. COMMENTS 


Because this was not a high heat input weld, it 
is expected that no coarse-grained HAZ (Subsection III.B.1) 
appeared. But due to the type of steel, there could easily 
exist a sub-critical HAZ (Subsection III.B.1) along with 
maeeconventional transformed HAZ (Subsection III.B.1). The 
presence of a SHAZ may be indicated by the jump in hardness 


at femm from the surface fusion line (Fig. IV—6). 
iveeo., RESULTS AND DISCUSSION 


Plots of evaluation parameters are shown in Figs. 
IV-7 through IV-1l. Data for each fracture is given in 
Table IV-6. _Photographs of all fracture surfaces are 


Shown in Figs. IV-17 through IV-33. 


Meet. «OAFETY OF THE HEAT AFFECTED ZONE 


PRvion ee eot neolWlmns ACCEPTABILITY OF HAZ 


The Charpy energy values, obtained to provide a 
comparison with the new test, are shown in Fig. IV-7. The 
HAZ specimens (which had not even reached their transition 
temperature) showed a much lower transition temperature 
than the base metal specimens. From this it is evident 
that the HAZ has considerably lower Charpy V-notch tough- 


ness. However, in direct contrast, the fracture appearance 
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transition temperatures (Fig. IV-8) obtained from the face- 
cracked test strips used in this Aei test are the same in 
the HAZ and base metal. This significant conflict of 
results indicates that lower notch toughness in the HAZ 

meye be acceptable in an actual weldment. 

Other ductility parameters from the test strips also 
bear on this point. These pavemeters are center thinning 
of the fracture surface (Fig. IV-9), edge thinning of the 
fracture surface (Fig. IV-10), and crack opening angle 
(Fig. IV-11; Appendix C.3). In comparing these parameters 
for HAZ and base metal fractures with fully plastic appear- 
ance, there is 1".ttle solid evidence, of less ductility in 
the HAZ. Edge thinning (Fig. IV-10) shows the greatest 
difference between The base metal and HAZ, but there is 
little difference for center thinning (Fig. IV-9) and crack 
opening angle (Fig. IV-11; Appendix C.3). There was, how- 
ever, one definite dissimilarity between plastic fractures 
of the HAZ and base metal that is not evident from these 
ductility curves (Figs. IV-9, 10, 11). This was the large 
meeavion of crack direction (Fig. IV-12) in HAZ test 
strips versus base metal (also see Table IV-6, "Angle on 
one fracture surface"). The cause was the harder adjacent 
weld metal rather than lower HAZ notch toughness. This 
effect may have caused the smaller edge thinning in the HAZ 


fractures (Fig. IV-10). 
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In summary, low Charpy V-notch toughness in the HAZ 
had no effect on HAZ fracture of the welded test strips 
in this experimental work. Possible explanations for this 


result will be presented next. 
DISCUSSION OF HAZ ACCEPTABILITY 


There are factors associated with these strip 
tests that must be considered before concluding that low 
Charpy toughness in the HAZ is acceptable. They involve 
(1) crack depth and weld geometry, (2) notch orientation, 


and (3) relative properties of the weld zone. 


Crack depth and weld geometry 


Due to the deviation of the fusion line from ver- 
ercal, the distance, MEeOor the crack tip from the fusion 
line (Fig. IV-13) increases with depth. This results in 
the crack tip being further away from the most brittle HAZ 
material, which is most likely the transformed HAZ (THAZ) 
(Subsection III.B.1), adjacent to the fusion line.* 

It should be noted that some portions of the curved 
ends of the crack tip perimeter did lie in areas closer to 


the fusion line (of the second weld pass), these areas 


being nearer to the surface (Fig. IV-2). But results for. 


¥ 

This is uncertain; the most critical area could be the 
—i) eZee conn) ss imstead (Subsection III.B.1, 
mC. 4 
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HAZ specimens were such that fracture was dominated by the 
Meepest portion of the crack; the lower Gegree of tri- 
axiality nearer the surface apparently negated the effect 
eeemore brittle material there. 

In some cases the crack tip extended below the mid- 
thickness of the plate and thus approached the fusion line 
meecie first weld pass. This could have either of two 
possible effects: (1) by getting closer to a fusion line 
the crack tip approached more brittle material, or (2) the 
material in the HAZ of the first weld pass was less brittle 
due to the tempering effect caused by the second weld pass 


(noted by the hardness measurements, Table IV-5). 
hNeeceh orJientarvion 


The Charpy specimens had a TL orientation [41] 
(notch plane normal to the larger TRANSVERSE direction of 
original plate, propagation in the LONGITUDINAL direction 
of the plate) as shown in Fig. IV-14. The effect of this 
was to sample nearly all the material through the thick- 
ness of the plate. An averaging effect, so to speak, 
meseucs from this. In contrast, for the cracked test 
strips, the deepest Doreen of the crack sampled only a 
Beery specific depth in the thickness, which may not be 
the most brittle portion of the HAZ as noted in the pre- 


vious discussion ("Crack depth and weld geometry"). The 
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fact that the Charpy specimen does include the more brittle 
material could thus account for its more Pessiihistuc re— 


sults in the HAZ. 
Relative properties of weld zone 


Some other factors to consider in why the low 
Charpy V-notch toughness made no difference are the rela- 
tive yield strengths of the HAZ and base metal, and the 
width of the HAZ. As Masubuchi et al. [1] (1966) noted, 
higher yield strength of the HAZ could prevent Type 2 [1] 
fracture (Subsection IV.B.1, "Loading"); this may have 
entered in for these test results too (the HAZ did have 
higher ultimate tensile strength as shown by the higher 
hardness, Subsection IV.C.3). It was also noted in ref- 
erence [1] that a narrow area of low toughness is prefer- 
able to a wider one in preventing catastrophic HAZ fracture 
(Type 2 [1]). For this experimental work the HAZ is rela- 
tively narrow (compared to an electroslag weld, for in- 
stance, or some other high heat input weld); this may have 


contributed to the results. 
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fe D.2. OTHER FACTORS AFFECTING SAFETY 


DOUBLE-NOTCHED TEST STRIPS 


Two test plates, numbers BASE-7 and HAZ-10 (Figs. 
IV-23 and IV-33), were notched (but not fatigue-cracked) 
Semboch sides of the plates. The reason for doing this 
was to investigate the effects of the more severe plastic 
triaxiality caused by opposed notches [42]. The results 
of these two pieces are very significant: partially brit- 
tle behavior was observed 80 degrees above the transition 
temperature for single-notched test strips! This is a 
Vivid illustration of the consequences that two opposed 
cracks could have in a weldment, even though the chances 
of encountering this situation may be slim. It shows that 
mitolal plasticity when fracture commences is not necessar- 
Ply a guarantee that fracture will continue in empicct LC 
Beer. iye reason is directly attributable to the greater 
stresses due to the modified plastic slip line field [42]. 
The safety of the weldment is thus seriously lowered by 


this situation. 
STRAIN RATE 


Loading rates for a ship in a storm are roughly 
10,000 to 25,000 psi/sec (Appendix C.4). When compared 
to the average strain rate in the test strips, 61.5 psi/ 


sec (Appendix C.4), ship rate is larger by a factor of 





25 


163 to 400 . Using the velocity-modified temperature [39] 
relation (Eq. C-3), corresponding increased transition 
@emperatures are 42°F to 50°F . Thus it is clear that 
use of slower-than-real-life rates in this experimental 

work gives more optimistic (lower) values of transition 
temperature. 

Experimental investigation of rate effects. Two spec- 
imens (HAZ-8, Fig. IV-31, and HAZ-9, Fig. IV-32) were run 
at higher load rates (see Table IV-6). But the maximum 
rate attainable with the tensile machine was not enough to 
get brittle fracture at room temperature (increased transi- 
tion temperature is 24.6°F* ). It was also noted that 
Ses increased rate had no effect on the ductility param- 
eters Meemier thinning, Fig. IV-9; edge thinning, Fig. IV-10; 
and crack opening angle, Fig. IV-11, Appendix C.3). 

Running cracks. An important consideration for frac- 
ture of in-service welded plate is the effect of a fast 
memnane crack (Subsection III.A.2, "NRL" and "Discussion"); 
this exposes the material ahead of the crack to very high 


Paves, i.e. Loading PieircrOosecconasme Lf this is to be 


¥ 
For an increased rate of 19.5: 1(geoe) (Table IV-6; 
Appendix C.4), Eq. C-3 gives 24.6°F as the increased 


transition temperature. 
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prevented, the material must be able to arrest such a 
propagating crack. The test eno used in this experimen- 
tal work cannot measure arrest capability - it measures 
tendency for crack initiation only. However, the double- 
notched test strips could conceivably measure arrest capa- 
mic y; the opportunity for arrest arises when the crack 
propagates away from the area of high triaxiality between 


motcch tips at the center of the specimen width. 
Pan leen TEMPER awone ON DUCTILITY 


In the plastically - fractured test strips, the 
amount of ductility was generally not dependent on tempera- 
Mere (Figs. IV-9, 10, 11). In fact, the scatter in values 
of center thinning (Fig. IV-9) and crack opening angle 
(Fig. IV-11)° among plastic fractures indicates less rela- 
tive importance of these parameters among fully plastic 
Mmeactures. It is only the transition temperature which 
will alter them significantly. Thus the matter of safety 
ends only on this temperature. Degree of safety, as 
measured by center thinning (Fig. IV-9) and Senet opening 
angle (Fig. IV-11) is unimportant. 

But, in direct contrast, edge thinning in HAZ frac- 
tures showed temperature dependence (Fig. IV-10). As 
transition temperature is approached, the lower ductility 


values give indication of this, which is favorable in that 





oH 


meegives warning of approaching transition temperature. 
It was, nevertheless, inconsistent with most results (noted 


in previous paragraph). 
STRESS STATE 


It could be argued that these uniaxially stressed 
test strips are not a realistic simulation of some real 
life structures. The best example is pressure vessels, 
which have biaxial applied stress. This multi-axial stress 
state could increase severity. But the crack itself in 
the test strips causes triaxiality which may also be as 
severe, or more so. Detailed analysis would be required 
to determine this for certain. At any rate, for the case 
of primary loading of a transverse weld ina ship's hull, 
which the test was aimed at simulating, uniaxial tensile 
@eress 1S realistic. 

However, residual stresses were probably not present 
in the test strips, whereas they usually are in a structural 
weldment. The stress state would no longer be uniaxial in 
this situation, and this test might thus be misrepresenta- 


: x 
tive. 


*It should be kept in mind that residual stress would be 
Beauced or eliminated by general yielding, so that its 
predominant effect would be for brittle fracture. 
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SPECIMEN WIDTH 


The biggest drawback of the narrow (3 in.) test 
Serip is that it cannot indicate a catastrophic Type 2 [1] 
HAZ fracture (Subsection IV.B.1, "Loading") - there simply 
mse not enough weld length for the crack to run. It appears 
that the only adequate means of checking this type of frac- 
ture is by expensive wide plate tests. 

Specimen narrowness could have affected plastic be- 
havior due to the crack edges being close to the sides of 
the test strip. Behavior might also be prejudiced for 
cases where the crack was unsymmetrical, but there was no 


evidence of this. 


Mees. FURTHER TEST RESULTS 


VARIATION IN CRACK DEPTH 


Attaining cracks of constant depth was difficult. 
Thus it was suspected that variable crack depth would have 
some effect on test results. But a plot of edge thinning 
and center thinning versus crack depth (Fig. IV-15) 


shows that crack depth has no effect. 
INABILITY TO GROW FATIGUE CRACKS IN WELD 


As noted under Subsection Vo teal bempus were 
made to grow fatigue cracks from notches in the weld metal. 


However, in all such cases a total fatigue Meader uire Occurred 
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at the surface fusion line in the HAZ, away from the 
desired location (Fig. IV-16). 

The reason for this is the greater thickness of the 
weld metal and its higher strength. These two factors 
combined to give weld crack growth rates that were only 
40 -~ 50% of HAZ crack growth rates. (This is shown in 
detail in Appendix D.2.) 

Another factor which may have encouraged lower crack 
growth rates in the weld is its higher Charpy V-notch 
toughness compared to the HAZ. Also, it was seen that 
some small toe cracks in the HAZ acted as the points of 


fatigue fracture initiation. 
BRITTLE-DUCTILE BEHAVIOR IN BASE METAL 


Two test plates (BASE-2, Fig. IV-18; BASE-5, Fig. 
iv-el) showed signs of initial plastic tearing at the 
deepest portion of the crack. However, cleavage fracture, 
which emanated from the sides of the fatigue crack, soon 
dominated. It was surprising that this would occur in base 
metal - Similar behavior would be expected in the HAZ, 1S 
stead, where material at the crack sides nearer the surface 
iS more brittle (as discussed in Subsection IV.D.1 under 
"Discussion of HAZ Acceptability - Crack depth and weld 


geometry"). 





LO 





Figure IV-16. Photo of fatigue fracture of a 
weld metal-notched test strip. 
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IV.E. CONCLUSIONS 


The following conclusions can be drawn from the 
test results presented: 
1. Safety of a welded steel structure depends 
primarily on the ductile-to-brittle transition 


temperature (Subsection IV.D.1). 


ee thes transition temperature is affected strongly 
by the presence of two opposed notches (Sub- 


section IV.D.2, "Double-Notched Test Strips"). 


3. Low Charpy V-notch toughness in the heat- 
affected zone of a weldment will not necessarily 
degrade the fracture performance of the weld- 


ment (Subsection IV.D.1). 
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TABLE IV-6 


DATA SUMMARY 





TEMP STRIP singulair RATE 
(°F) NUMBER APPEARANCE (x 10 ‘/sec) (lb/sec) 
-15 BASE~-1 Bicaaie. - 278 
-13.5 BASE-5 Mixed (Aes 91 
=9 BASE-6 Plas. 3.9 ie 
we 5 BASE-4 le dh fetsy ea 147 
ew) BASE-3 Paes. - 20 
4 BASE-2 Mixed ~ 88 
78 BASE-7 Mixed G26 143 
(2—-notch) 
<15 HAZ—4 Brit. - 250 
-ll HAZ—7 syenUe 3.25 78 
\ HAZ-6 Plas. 2.0 67 
3 2D HAZ—5 Pasi. 2.4 93 
35-55 HAZ—2 Palas: - 10-15 
45-55 HAZ—3 Palais: - 10-15 
55-65 HAZ—1 Plas. es 10-15 
85 HAZ-8 Pleas 30 1160 
78 HAZ-9 pias - 1800 
78 HAZ-10 Mixed 6.6 98 
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Figure IV-17. 





Photo, BASE-2. 


Figure IV-18. 
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Figure IV-19. Photo, BASE-3. 
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Figure IV-20. Photo, BASE-4. 





107 





Figure IV-21. Photo, BASE-5. 
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Figure IV-22. Photo, BASE-6. 
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Photo, BASE-7. 


Figure IV-23. 
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Figure.IV-26. 
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Photo, HAZ-3. 
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Figure IV-28. Photo, HAZ-5. 





Figure IV-29. Photo, HAZ-6. 
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Figure IV-30. Photo, HAZ~/7. 
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Figure IV-31. Photo, HAZ-8. 
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Figure IV-32. Photo, HAZ-9. 
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APPENDIX A 


NOTCH TOUGHNESS TESTS 


A.l Charpy V-Notch Test 


These tests are to be carried out in accordance with 
ASTM Specification E~23, "Notched Bar Impact Testing of 
Metallic Materials." The V-notch is the only one acceptable 
for Charpy testing. Acceptance criteria are specific 
impact energy values. A maximum allowable test temperature 


is specified along with this acceptance criterion usually.[2] 


A.2 Drop Weight Test (DWT 

These tests are to be carried out in accordance with 
ASTH Specification Peeoemiconducting Drop Weight Tests to 
Determine Nil Ductility Transition Temperature." In testing 
a weldment, sub part 54.05 of CG-115 [2] requires the crack 
starter notch to be directly above the weld centerline. 


Further details of the DWI appear in reference [21]. 


moe Explosion Bulge Testing as Prescribed by the U.5. Navy 


This test has been used extensively for determination 
of weldment performance in the Navy and elsewhere. Neocon dine 
to NAVSHIPS 0900-005-5000 [43], "the test was demonstrated 
to be a eibole and reliable method for determining the 
performance characteristics of service type weldments 
and represents the only feasible testing procedure by which 


rEg 
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the heat affected zone of weldments and the performance 

of weld metal can be fully evaluated." The test is routinely 
required for quality assurance of HY-80/100 plate and 
weldments. @eneranity speaking, the test is used for higher 


strength steels as compared to mild steels [43]. 


A. 


Details of EB Testing 
Before evaluating a weldment by the Explosion Bulge 


Test, the Navy requires certain information, specifically 
the detailed welding procedure and the other test data that 
is required to qualify the procedure. The Navy also requires 
that numerous mechanical test specimens be taken from 
prospective explosion bulge test welded plates (i.e. 
tensile specimens, longitudinal and transverse Charpy V 
specimens and bend specimens) to ensure compliance with the 
requirements of the respective base and weld metal procurement 
specifications. Prior to actual carrying out of the test, 
@ screening method is required to single out inferior weldments 
which have no chance of surviving the explosion bulge test; 
this method is simply to use two explosion crack starter 
samples.[43] 

The actual test weldment is required to be 2 inch thick 
material, 30 inches by 30 inches square. The explosion 
bulge test 1s conducted by applying repeated explosive shots; 


this delineates those regions of the weldment which undergo 
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fracture initiation and propagation. These fracture paths 
are one of the major parameters to be observed in the test 
(with a sketch or vhotograph). The other major parameter 

is the reduction in plate thickness in the absence of 
cracking. This shall be noted after each shot of explosive, 
until 16% reduction occurs, at which time no cracking outside 
the bulged region indicates acceptance. Specimen temperature 
is to be strictly controlled for each shot of explosive. 

A minimum of four test specimens must show acceptable 


performance. [43] 


A.4 Dynamic Tear Test 
The DTT was developed at the Naval Research Laboratory 


in 1962. It's advantage over the Charny test is its 
capability to not only evaluate transition behavior more 
effectively in all steels, but to more accurately evaluate 
the vroperties of steels wnich don't have large increases 
in ductility at their transition temperatures. These 
steels are the high strength and ultra-high strength steels « 
plus also those intermediate strength steels that feature 
definite weak directions.[21] 

The DTT measures impact energy just as the Charpy 
test does. However its. geometry is considerably different 
(figure A.1). The specimen has more material ahead of the 


notch. The purpose of this is to create enough constraint 
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so that a sharp crack can easily get started. This has the 
effect of subjecting the specimen to a sharp running crack 
and thus giving some indication of the material's resistance 
to same. 

There are two standard sizes: 


T = 5/8 in.: L=7in., H = 1.625 in. 


ee dt ema. on = 4,75 in. 
A.5 Imvact Testing as Preseriped by the U.S. Navy 
Bither the Charpy V-notch or the dynamic tear test 
(DTT) are used by the Navy, depending on which one a 
particular material specification calis for [44]. Impact 
energy values are specified for the base material and for 
the weld electrode. However for weld procedure qualification 
impact tests, the assessment criteria for weld metal is 
the energy value for the weld electrode, not the base plate. 
It should be noted that there is no requirement for HAZ 
impact tests; just the weld metal is required to be impact 
Gesved. [15 , 44] 
Impact tests are only required for certain situations. 
Tnese are as follows [15]: 
a) for automatic, semi-automatic, and machine welding 
process in structural epplications of "S-1" 


material in plate 
on Se 
C~Si steel (Y.S. = 30-38 k.s.i.); type 1 and 2 grade HT? 


Seec) (Y.S. = 42-50 k.s.i.); and grade N steel (Y.S. = 
42-70 k.Sei.) 
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b) for "dissimilar metal" (as defined in reference 
(-15]) welds when both base materials and weld 
electrode all have impact energy requirements 

c) for cases where both the base metal and weld 
metal have impact requirements 

In all these situations, however, impact testing is only 
required if the material is over 3/4 in. thick.[ 15] 
A.6 Crack Opening Displacement (C.0.D.) Test 

This test uses a small notched specimen, generally, 
subject to slow loading. The opening of the notch during 
loading is measured. A critical value is gotten for a 
given temperature when the piece fractures. Transition 
temperature curves are plotted for these critical COD's. 
feo, ce | 
Asef Wiblink Test 

Giigsecest has been used by the International Institute 
of Welding [22]. It uses a small notched specimen, as the 
meveces, does. However, the difference lies in limiting 
itemerack Openines to a specific value for all specimens. 
The purpose of doing this is to keep “the same plastic 
reserve for each steel" [22] type tested, regardless of 
yield strength. [22] 

Iiinor impact blows are used to deflect the specimen 


to the above-mentioned limit. More than one blow is 
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necessary usually. If the specimen does not fracture 
prior to reaching the limit, it is considered to be above 


its transition temperature. [22] 





APPENDIX B 


STEEL CATEGORIES FOR USCG REQUIREMENTS 


Men Ferritic Steels [2] (less than 0°) 

Carbon and low alloy steels are covered in this 
category. Materials shall conform to a specification 
given in table UCS—-23 of the ASE Code and a number of 
additionally imposed Coast Guard requirements. For minimum 
service temperatures above -70°F these additional 
requirements are as follows: fine grain practice, 
normalized (other heat treatments may be considered), 
austenitic grain size of 5 or finer, maximum Carbon content 
between 0.12% and 0.20% and Manganese range between 0.90% 
and 1.65% depending on the minimum service temperature. 
Silicon range is 0.10% - 0.35%. Maximum allowable phosphorous 
and sulfur is 0.04%. Wechanical properties are limited 
as follows: 

Ultimate strength: 58,000 -— 85,000 psi 


Yield strength: minimum 35,000 psi 
maximum 80% ultimate strength 


Elongation (min.): 20% in 8 inches, or 
24% in 2 inches, or 
22% in 5.65 A, where A is the 
test specimen cross sectional 
area 


For minimum service temperature below —70 F the 
additional CG requirements are considerably different. 
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The steel must be normalized, low carbon, and fine grain 
as before; but it must also be fully killed and be a 
Nickel alloy type. These steels include the following: 
A203, 24% Ni normalized 
A203, 335% Ni normalized 
5% Ni normalized 

From these ferritic steels (both < O°F and < -70°F) 
average Charpy energy values were gotten. These values 
are the official numbers which comprise the Coast Guard 
toughness test acceptance criteria for < O°F and for 
< -~70°F (subpart 54.05 of CG-115) [2]. These numbers 
were gotten by running Charvy tests on these materials 
near the NDT temperature (determined from the drop weight 
test). 

B.2 High Alloy Steels [2](less than OF) 

This category of materials covers a range of different 
low temperature designations, for stainless steels, 
primarily. The types of steels that are included are 
specifically listed in ane ASE Code, Section VIII under. 
UHA-51, which lists three categories. The first one a6 
for service: temperatures below ~425 F and includes Types 
304, 304L and 347. The second is for materials operating 
at service temperatures below O F and includes certain 


stainless types, those "in casting form" (ref. ASME Code), 
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and those "in the form of deposited weld metal" (ref. 

ASME Code). The third category of steels is for all values 
of service temperature. They are: Types 309, 310, 316, 
309Cb, 310Cb and 316Cb. 

If any of these steels had a Charpy specification, 
then the weldment would have to pass the same Charpy 
acceptance criteria. But, generally speaking, these 
stainless steels will not have Charpy specifications. 

In fact, the CG rules prefer using the DWT instead of 
the Charpy test for austenitic stainless steels. 
Be3 Ferritic Steels with Properties Enhanced by Heat 

Treatment [2](less than O°F) 

This category covers specific materials but is 
limited to five 9% Ni steels (A-333 grade 8; A-334 grade 8; 
A-353 double normalized and tempered; A-522, quenched 
and tempered, forging; A-553 quenched and tempered). 

The lowest allowable temperature is -320°F. 

Charpy testing of these materials is slightly different 
than for the others. Instead of being required to exceed 
a certain minimum Charpy energy value, the acceptance 
criteria give a minimum value of lateral expansion opposite 
the notch. This lateral expansion is used the same way 
that the absorbed energy value is used in the other cases. 


That is, traversing the HAZ and the weld is required for 





129 


weld procedure qualification (Subsection II.A.4). For 
information only, values of Charpy energy and fracture 
appearance are also required to be recorded. 

B.4 Quenched and Henne rea Steels [2] 

These steels are those other than any ateachee and 
tempered 9% Ni steels which were covered previously. Here, 
special considerations are given to the welding as opposed 
to the actual plate specification. Subchapter F reports 
that the Coast Guard “may prescribe special testing to 
assure that the welding procedure produces weldments which 
are not prone to low energy fracture through the HAZ." [2] 
The most common "special testing" is the explosion bulge 
test [3]. This follows closely with the theory (Subsection 
mee. >) that Charpy tests are invalid for higher strength 
steels. It also follows the Navy's procedure for HY~80/100 
weldment quality assurance. The explosion bulge test, 
as prescribed by the Navy, is described in Appendix A.3. 
Coast Guard use of the test is similar to that of the 
Navy [2 ]j. 

B.5 Hull Steels (for Liquefied Petroleum Gas Carriers)[5] 

The growth of cold service applications has led the 
feeew Guard to requirements for ship's hull steel, in 
addition to cold pressure vessel, and vrimary and secondary 


barrier steel (which is what is specifically addressed 
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in CG-115) [2]. Review of hull steel is only required 
for liquefied flammable gas carriers if mean temperature 
of the steel (as calculated by surrounding temperatures) 
is less than O°F. This is the same cut-off temperature 
as for pressure vessel and semi-pressure vessel tanks 
(an exception to this is in steels for vrimary and secondary 
barriers to pressure vessels — above O°F but below 32°F 
the only requirement is to.-use certain steels: ABS grade 
CS, CN, C or equivalent). 
Rules for hull steel are more lenient than for pressure 
vessels (and primary and secondary barriers). Between 
O°F and -10°F Charpy testing is required but only for 
weld procedure aualification (steel selection is limited 
Homnbo grade CN, CS or equivalent). 
Below -—10°F but greater than -30°F the steel must meet 
the requirements of Subchapter F, which are the same as 
for the Pees biie vessel steels. However, special consider— 
ation may be given to some classification society grades. 
Charpy tests are required for weld procedure qualification 
for this temperature range. 
For operating temperatures below -—30°F, the steel also 
shall meet the requirements of Subchapter F (CG-115) [2]. 
So, in effect, for all hull steel below O°F the weld 
procedure snall be qualified with Charpy tests, including 


HAZ specimens. 





APPENDIX C 


GENERAL BACKGROUND 
fee) HEAT AFFECTED ZONE CRACKS [45] 


HAZ cracks are usually formed from either hot cracking 
or cold cracking. The following outline [45] illustrates 


the mechanisms and types of crack for each. 


HOT CRACKING 


x 
a) Segregation cracking (T > solidus) 
ivpe.O1 wis Crack se1i1qguefaction cracking 
b) Low ductility cracking 
# 
(0.5 a < At < solidus) 
Type of HAZ crack: low ductility cracking 


(caused by lamellar tearing) 
SOD CRACKING 


a) Types of cold HAZ cracks: toe crack 
_underbead crack 


root crack 


x 
q Seerack initiation temperature; Dn = melting temperature. 


3a 
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C.2. J-INTEGRAL (Jr.) 


The J-integral is a criterion for quantitative 
evaluation of fracture toughness where plastic flow is 
meeanning to affect the overall force-deflection curve of 
m@iesstructure. it has been related to the idea of Koo 
One major benefit of attaining a critical value of Jr 
versus Kio is that the former is suitable for a larger 
degree of plasticity at the crack tip than the latter. 

The other major benefit of the J-integral is that 
when the Hutchinson-Rice-Rosengren (HRR) singularity 
dominates the stress and strain field around a crack tip, 
the J-integral specifies the magnitude of the singularity 
em@emnence, fracture. 

It should be noted that the J-integral may not 
peeey when fully plastic behavior occurs. The reason is 
fmmaee tne HRKR singularity gets distorted from the effects 
at the free boundary as well as the blunting effects at 
the crack tip.* 

Detailed explanations and applications of the 
J-integral are given by Begley and Landes [46, 47], 1971, 


Pmeer et al. [48], 1972, and Rice, Paris and 


*Blunting effects are encountered in both cases (brittle and 
fey plastic), actually; i.e. the HRR singularity does not 
femeerieht at the crack tip, for this reason. 
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Merkle [49], 1973. 
meee «CRACK OPENING ANGLE (COA) AS A MEASURE OF DUCTILITY 


COA is defined as the angle between two fracture 
surfaces as shown in Fig. C-l. It can be used as an 
maereation of the amount of ductility present during 
Memeture in fully plastic parts. For brittle fracture, 
this angle is nearly zero. 

ines specit1emrelaviomeot this angle to ductility, 


neglecting elastic strain, is as follows: 


Y= ——;— (C-1) 


where y = shear strain. 
mew rareser tie Shear Strain, the greater the ductili- 
ty. The minimum shear strain for plastic behavior is the 


faeerd Strain, 


“ne Bi 40,000 
E 


3070007000 CeOOlon; . (C-2) 


Yys 
itemwerack Opening angle for this shear strain is 0.]° 
Any angle greater than this value indicates the presence 
of some degree of plasticity - the greater the angle, the 


greater the degree of plasticity [40]. 
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Iie, 
C.4. STRAIN RATE CALCULATIONS 


The effects of increased Weeding rates, and the 
resultant increased strain rate, is known to raise the 
transition temperature of metals. This has been shown 
many times experimentally, reference [50] being only one 
example. The effects of increased strain rate can be 
calculated by the "velocity-modified temperature" [39] 


Hor plastic deformation: 


ee Ce en (e7e.) C= 5) 
where «= = 0.018 

Using this relation, the numbers in Table C-l indicate 
the expected increase in transition temperature for a given 
maerease in strain rate. 

The velocity-modified temperature underestimates the 
observed results by Shoemaker and Rolfe [50], 1971. They 
observed an SIG) 3a increase in transition temperature* On 
meee rate increased by a factor of 2 x 103 5 Jere jee 
Same rate increase, the above relation predicts an increase 
of 36°F . Thus it would seem that one might expect larger, 


if not the same, increases in transition temperature than 


% 
This transition temperature was that at which plastic 


zone size for Kre tests became too large. 
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TABLE C-1. 
INCREASED TRANSITION TEMPERATURE 


FOR INCREASED STRAIN RATE 


TNCREASED TRANSITION 
TEMPERATURE (as calculated 


E/E, __by Equation C-3) °F 
: 5.7 
: Sec 

At Toa! 

3 28.2 

100 | 38.1 


1000 57.2 
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those predicted by Eq. C-3. This is important because this 
Betarion predicts significant variations in transition 
temperatures for the test results (note from Table IV-6 
that load rates varied between specimens, excluding HAZ-8 
and HAZ-9, by as much as 30:1 which could cause a 28°F 
rise in transition temperature). But it is important to 
note that at the transition temperatures of both HAZ and 
base metal test strips, the load rates were all the same 
order of magnitude (see Table IV-6, piece numbers BASE-5, 6 
and HAZ-6, 7). The average of these four is 92.25 lb/sec 


(61.5 psi/sec). 
SHIP LOADING 


Assuming a design muoesseet 55,000 psi , loading 
rates of 10,000 psi/sec and 20,000 psi/sec correspond 
to loading to design stress in 3.5 sec. and 1.4 sec. 
respectively. These are considered to be very realistic 


rates of loading for a ship in a storm. 





APPENDIX D 


EXPERIMENTAL DETAILS 
Mee Leot STRIP 


The strips (Fig. IV-1) used for testing WW Ete Seti Onn 
half inch welded plate. The width was 3 inches, a limit 
imposed by the test machines grips. The long 24 inch 
length was required so that adequate portions of this 
Mmetn could be taken up by the tension machine grips 
(Fig. IV-1). 

ane pieces were cut by a shearing machine, and the 
edges were milled to remove the highly strained material 
emised by shearing. Most specimens were not straight. 

They were bent eae ene iy due either to welding stresses 


eeecne shear cutting. 


NOTCH DETAILS 

Figure D-1 illustrates notch cross-section dimen- 
Sions. The sharp point was required to facilitate growing 
fatigue cracks. Attaining this point was done by sharpen- 
ing a circular cutter (saw blade) to 30 degrees of bevel. 
Strength limitations of the blade called for using a 
thicker (3/64 inch) one than desired. 

Figure IV-2 illustrates the straight-fronted notch 
Shape. The blade diameter used in cutting the notch was 
4 inches, again larger than desired. But the reason a 
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larger diameter blade was used is that some milling machines 
would not allow a smaller blade to penetrate the specimen 


aue Lo their mountings getting in the way. 
D.2. GROWING FATIGUE CRACKS 


foe oki Sontag fatigue machine, located at the Army 
Materials and Mechanics Research Center in Watertown, 
Massachusetts, was used to grow fatigue cracks in the test 
plates. This machine operates at 1800 cycles per 
ln be . 

Ultimately, fatigue cracks were grown with a tensile 
pre-load of 2800 in-lb and cycled at + 3500 in-lb; this 
resulted in cycle limits of 6300 in-lb in tension* and 
~700 in-lb in compression* 

Growing fatigue cracks for these test plates was 
largely a matter of experience. No quantitative means were 
used to develop a method. Crack growth was monitored to 
a limited extent with a strobe light. But there was simply 
no way to know exactly how deep a given crack had propagated. 
However, estimates could be made based on the extension of .- 
the crack over the surface of the test strip. 

One source of inconsistency was the bending which most 


test strips had undergone from welding and/or shearing 


"Tension" or "compression" is used here in relation to 
the notched surface. 
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(Appendix D.1). Different amounts of pre-load were 
required for each of these. 

For the pieces with notches in the weld, fatigue 
cracks could not be grown. This was due to failure in 
the unnotched HAZ for all cases. The same problem also 
occurred for 50% deeper notches in the weld metal (i.e. 
0.12 in.). Some calculations will illustrate quantita- 


tively why this was so. 

CALCULATIONS 

The rate of fatigue crack growth can be expressed as 
memtows [51]: 


eAk 


da/aN « ACTD, ee ill Ar, ee = SYE (D-1) 


MF NO 


where da/dN = crack growth/cycle 
CTD, = erack tip opening 
r = plastic zone size 
Y = material yield strength 
E = modulus of elasticity 
kK, = stress intensity factor = “1 
hid 


Assuming a@ constant E , the crack growth rate of the 
weld can be compared to that of the HAZ in the following 


Preoportionality: 
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(da/dN), 2, = Khaz ens (D-2) 
Gan S = Ia es et 2 
da/Gn) oi Kweld oe 


Using the single edge-notch [52] geometry (Fig. D-2) 


Seman approximation to test strip geometry, 
k = o va Fla/b) (D-3) 


where o = stress = = 
b 
M = applied moment (constant) 


a= crack depth 
Fig. D-e2 


b = thickness 
thus 


bau!) 


femetpne HAZ, a= 0.08 in., b= 0.5 in., and F(a/b) = 


0.806 [52] . Thus, k,,, = 0.9119 (6M) 


For the weld, a= 0.08 in., b = 0.625 in., and F(a/b) = 
MeooOo foe. Thus, Kana = 0.6160 (6M) 
For the deeper weld notch, a= 0.12 in., b = 0.625 in., 


and F(a/b) = 0.7612 ee oe ohntlse a ic = 0.6750 (6M) 


deep weld 
' Before entering Eq. D-2, yield strength must be ob- 

tained. Because this was not known for the HAZ, ultimate 

tensile strength, as determined from the hardness measure- 


ments will be used instead. Taking (R = 88.7 and 


ene 
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(Rpg, = 83-3 (Table IV-5) and soving the following 


relation for B (Brinell hardness = UTS) [39], 


9000 


Rg = 130 - <3 (D-5) 
_ 9000 
° = 730 -R, SDSS 
From Eq. D-6, 
- oe 
Boeig 7 2217-9 ke/min 
B = 192.7 ke/mm* 
haz : 


Using the k's and B's above in Eq. D-2, it can 
memoech) Gxactly how much lower the crack growth rate in 


the weld actually was, even for the deeper notch: 





> - 

(da/aN), 0, pg SBS a gs Rally a, 

(da/aN), nag -6160}/ 192.7 
= 2.48 


(erack growth in weld is 


HOese. sot ~ HAZ) 
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2 

(da/dN))., Ll Gene 217.9 
) i. 6 e 

(da/dNn deep weld 190 L927 


2.06 
(crack growth in weld is 
48.5% of HAZ) 


These calculations substantiate the inability to grow 


fatigue cracks in the weld. 
D.3. TEMPERATURE MEASUREMENT 


A welded thermocouple, made from 28 gage Chromel- 
Alumel wire was used to monitor temperature of most test 
strips. The thermocouple was inserted into a hole (of 
Slightly larger diameter) drilled to approximately one 
maura of the test strip thickness (1/6 in.). 

The entire 10 in. area of the test strip between 
the grips was insulated with asbestos ribbon to minimize 
speed of heating after each was removed from dry ice. 

The accuracy of temperature measurement is estimated 
to be roughly + 2°F . Temperatures noted were probably a 
bit on the higher side due to incomplete contact of thermo- 
couple with steel; but this effect was consistent for all 


test strips. 


















uirements for welded 


“aa 








